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The dielectric properties of polychlorotrifnorcethylene (Typ=2324 °C, T,=52 7} have
been messured at temperatures between —a0 snd 250 °C, and at frequendiez hetween
1.1 ¢/s and 2.6 kMe/s. Bpecimens of known eryetallinities, ranging from x=0.80 to x=0.0H
(pure lignid) were studied. Comprehensive tables of data are presented. The experi-
mental techoiques employed to measure the dieleetric properties over these wide ranges of
tempersture, frequeney, physical state, and sample type (disks, eylinders, aod thin films),
are diseusaarl. he aperation and calibration of the specimen holder, bridges, resonant
virelits, ungd waveguide apparatns vsed are disclssed in detail

When the dielectric Tose index, o', £t 1 &fa ia plotted as g fungtion of tempersturs for A
higlh]y ervetalline gpecimnen {x=0.80), where the cryatallinity comeists largely of lamellar
spherulites, three distinct loss peaka are readily apperent. These peaks oocur at about
— 40 *C (low-temperature proeessl, 95 °C {intermediate-tempersture process), and 150 7C
{high-temperature proeess). The dielestric deth are compared with the mechanical losa
data obtalned at 1 efs by MeCrum. MMeohanieal lozs penks mt temperagures virtually
identical to thoee i the ¢ veraus T plot are found.

The high-{iempereture proces s attributed Lo the presenee of well-formed chain-foldod
lamellar ppherulites.  Bome evidence points to the surfaces of the lataellar as the alte of the
loss¥mechanism. The high-temperature loss peak doss not appear in resolved form in non-
apherulitic specimens even when the cryatallinity ks high. The niermedicis-iemperafyre
prooess originates in the normel supercoolad amorphous phase, and i doe to the comples
dipole relaxation effecta involving motions of large numbears of polymer ¢hein segments that

are associated with the onset of the glass traosition ot 7,=52 *C. As datermined I:-ly V=T

datn, the glass trenziticn temperature at T,=5% °C that is a=ocisted with this re
[i'e ;5 crystallinity, The Inw—demvrafwe dielee-
F il

effect does not shift appregiah

¥ with increasi
trie loss proeessa, which i3 motive far below

axation

originatea principally in the supereooled

amorphons regions, and evidently eorresponds to B fairly simple motion involving o emall
vimnber of chain segments,  This proeess tends te exhibit anomalows behavior in highly
erystalling specimens, particularly at low temperatures,

A large dipolar contribotion of the eryetels to the statio dielectric constant was observad.

This sentribution increayed with inercasing te

mgerature, and oorresponded to s very rapid
)

dipole recrientation process [r~104 see at 23 *C).

1. Introdhiction

Polychlorotriftuoroethylena, abbreviated hare as
PCTFE, has the chemical repeat unit

e
b,

The molecular ssgymmetry of the repeat ubit gives
risa o a permanent dipole moment that subtends a
right &ugfe to the carbon chain axis,

Our onigioal interest in investigating the dielsctric
bhehavior of thiz substance stommed in large part
from the fact that the polymer molecule possesses no
side proups eapable of mdependent orientation, such
as complicate the investigation of certain other
polymer systems, In PCTFE, one can be quite
certain that any dielectric relaxation effecta that sre
obsarved, whether originating in the crystalline or

amerphoua components, are to he attributed to
motions involving portions of the polymer chain
backbone,
The dielectric properties of POTFE were Inveati-
ated over a limited range of temperature and
requency by Beynolds, TEgmaB, Sharbough, and
Fuess [1] ! in 1951. Tt was clearly established by
them that the dielectrie propertics of low moleculsr
weight POTFE waxes were strongly affected when
crystallization took place. A high molecular weight
?ipacimen was also studied, but the effect of ¢ ing

egree of crystallinity was oot investigated, Hart-
ghorn, Parry, and Rushton [2], and Mikhailov and
Sazhin [3], studied high molecular weight PCTFE?
and gave mora extensive information on ite dielectric
Erﬂ:'pert.ics. In these later studies, samples of varying

ut unkoown degrees of crj'st.n.lfiuity werd investi-
gated, so that only a ﬂualitativa connection could be
eztablished between degres of erystallinity and di-
electric properties.

¢ Flpwr 10 braeiraty ndicate the lbsrators redorances wt (bw e of thig peper,
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Hoffman and Weoeks [4] have demonatrated a
menns whereby the degree of erystallinity of POTFE
over o wide range of temgmture can be simply and
acourately determined by meseurementz of the
apecific volume. This {acilitates an attempt at a
quantitative snalysia of the dielectric dats in terms
of the degree of erystallinity.

The present investigation was underteken to
E:}‘Fidﬂ accurate dielectric data vpon samples of

ownl thermal history and degree of crystallinity
over & wide temperature range {—8&0 to 4260 (),
and a frequency range (0.1 to almost 10" ¢fs} much
hroader than thet studied by esrlicr investigators.
From thess data, an attempt can then be made to
correlate the obeerved dielectric behavior with the
degree of crystallinity and other variables. Special
interest attaches to the identification of the contri-
butionz of the amorphous and erystalline phaszes to
the dielectric behavior, and to differences in dielectric
properties exhibited by specimens of nearly identical
eryastallinity prepared by different erystallization
techniques. .

The cxtension of the frequency range dewn to
0.1 o= i2 made possible by the use of & low-fraquency
bridge described in detail elsewhere [5]. Nakajima
and Saito [6] have reported measurements of the
dieloctric properties of PCTFE in the frequency
rﬂ;n%c of 0.1 to 10° ¢fa in which a bridge of rather
givailar capabilities way used.

2. Specimens
2.1, Materials

All ppecimens used in this investigation wers
prepared from laboratory samples of Kel-F grade 300
Ealymcr, which was supphed in shect jorm by Dr.

. B, Kanfman. The number average tnolesular
weight of the polymer was stated to be approximately
415000, The equilibrium melting point of the ¢
tals in the polymer is estimated tﬂgbe 22431 °C [T
Ii the crystals are small, as is the case when they
are Tormead at layge or moderate subeooling, the ob-
servad melting point of a specimen will be somewhat
lower, values ranging from 212 to 218 °C heing com-
monly obaerved F’f‘ll. The normal glass traneition in
the amorphous compoment of this semicrystalline
polymer is at 52 °0, as determined by the cbange of
glope of volume-iemperature curves [4].

2.2. Preparation of Specimena

The specitnens employed in this investipation are
divided into five categories detsrmined by their
degree of crysiallinity and thermal history. The
determination of the degree of crystallinity, X, is
given in section 2.4. In general, the specimen desig-
nations denote the degree of erystallinity of the
A -

a. Specimen 0.80

The three specimena described below had degrees of
eryatallinity near x=0.80 and simifar thermal his-

toriea. These specimens are therefore referred to
I_ﬂint]y as “gpecimen 0.80." They were prepared
rom POT that had been crystallized me the
melt aceording to the procedure of Hoffman and
Weeks [4]. e material was heated to 250 °C,
which iz well above the melting point, and then
brought succeszively to temperatures of 200 and 190
°C, residing one day at ca.cﬁe;f these temparatures.
The material was then maintained at 180 °C' for
three days, after which it wae eooled to room tem-
perature over a period of a few hours. Typical
spherulitic cerystallization cccurs vnder these con-
ditions, This eloudy-white materisl was then ma-
chined into a disk :,Eed epecimen, 4.2448 cm in
diameter, which was called specimen (0.30A, Dijelec-
tric measurements were mﬂje upon specimen 0.504
using the Schering bridge and f-meter described in
appendiz 6.3. Specimen 0.80B was then prepored
from specimen 0.50A by machining the disk down to
ahout 2.54 em in diameter, the specimen diameter
required by the re-entrant cavity deseribed in ap-
rendix 7.1. Specimen 0.80B was employed in meas-
urements involving the re-cntrant cavity snd the
low-frequency bridge (0.1 to 200 cfs). e speei-
meng emploved in the microwave measurements
ware prepared by nearly the same procedure, and
attoined a degree of tallinity of 78 percent.

The general methndT tallization described
aboveis referred to 8z “crystallization from the melt”
in the taxt.

Thea reader is cautioned that the name “specimen
0.30" iz oot intended t0 imply that the degree of
cr}rst.nllinitx‘s of the specimen always remains ai
X=0.50, is discussed below, the degree of erys-
tallinity of this specimen decreages appreciably when
it is hented nbove abovt 175 °C.

k. Specimen .44

W refer here to two disk-shaped specimens of
different diameters which wera hoth 44 ent
crystalline. They were preparcd from bulic ma-
terial nbout 2 man thick which had been previoysly
Leated above the melting point to 250 °C, and than
plunged into ice water, Specimen 0.44A was a disk
4.4033 cm in diameter. Specimen 0.44B was pre-
parad by machining specitnen 0.44A to a diameter
of ahout 2,54 cm. Specimen 0.44A and 0448 are
jointly referred to as “specimen 044 These
specimens had a slightly opalescent appearance,
bt were optically much clearer than specimen (.50,
The above technique iz refarred to in the text as
“quench crystallization.”

¢ Spacimen 0.12

This apacimen was 12 percent ciystalline. It was
prepared from a thin flm about 0,15 mm thick
which had been pressed from the bulk material,
heated to 250 *0, and plungad into ica water, The
resultant thin film was optically clear.

In order to study tﬁs dialectric propertiss of
nearly amorphous POTEFE et low temperatures, it
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19 necessary t0 resort to ineasuring quenched thin
{ilms rather than thick specimens, This is the caze
besause between 120 and 170 °C thers exista a
temperature region in which extremely rapid crys-
tallization takes place [7], and a thick spacimen {sai
2 mm thick) cannot he cooled rapidly emdug
through this regicn t¢ prevent a 51? eRnt Atmount
of orystallization. A thin film having & large
surface-to-voluma ratio may be quend ied more
rapidly than the bulk material, thus achieving &
lower degree of crystallinity. Such a weakly crys-
talline film will crystallize further if heated ahove
approximately 60 °C.

4. Specimen 0,73

This spovimen was prepared by nnnealing spocimen
0.44B {quench cryetallized bulk material) at 190
" for two wesks. This increasad the daprea of
crystallinity to x=0.73. It is important to note
that this spacimen was net crystallized directly from
the mclt as was specimon 0.80, but rathor from
previously quenched specimen. This was dona so
tha,tl t-lmi.1 dlelectritr_l‘. ropertiea ?f spe&]rlnens Wﬁbh
naarly tha same orgl agrea o crystallinity, out
with crystals nucleated and grown uvnder d%ereut.
mndlt.mns mtht he compar This crystallizaticn

is rolarrcd to as the “quench—anmen]”
techmque

#. Spacimen 0.0 {Licid Fheose)

By warming s disk specimen nbove T,=224 °C,
a body with no erystallinity (x=0.00} eculd ba
readily obtained. A spacimen made in this way
waa studiad up to 250 *C. Then by supereocling,
the complatoly amorphous phase was studicd down
to about 200 “C, The onset of oryatallization

revented messurements below this temperature ?
f)etaﬂs of tha methods used fo obtain dielectrie
measurements on the liquid specimens, which tended
to flow semewhat, are given mn appendix 5.3,

Figurs 1 shows the temperature dependenes of
the degree of crystallinity and the specific volume
of the various specimens.

All the above mentioned specimens, with the
exception of those used for the micrewave mensure-
ments, and specitucn 0.0, were machinad or cub into
disk shapes with areas and thicknesses determined
by metheds given below.

23, Determinabon of Dimensiong of Disk Specimens

The aren A% at 23 °C wae calculated from the
averape of saversl measuraments of tha specimen’s
dismeter taken from warious points oo the circum-
ference. A traveling microscope graduated to 0.0001
cm was einployed for this Purpose

The avernga thickness of the specimen % at 23 °C
was not directly measured but wae caleulated from

' The rate of oryztallization increases o the teropsaretirs 13 lowered below T,
Ak il O, the rabs of (ryetalliea Hmhmthaaupenmledlluldlunlmwthw
nulla:bla but bakrw a.boutm‘l: the mie baromwy high sncugh ko interfere
In tha umamqlmﬂdtumsammemdu

x B 0,44 7

Qa2

¥, tmisg

-5 o L) [Le:] o
TEMPERATURE, =L

Terperafure dependence of the degres of erpmial-
linity, x, and the aperific vlums ¥, of the apecintens,

Fuavre 1.

the equation

-l;_?lell'

va P, "
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Where V¥ is the aspecific volume at 22 °C, W, the
ht of the specimen in air, and ¥ is the volume

of the specimen at 23 °C. The specific volume em-
p]ﬂgud m eq 1} wns measured usmi the buoyancy
nique, & specimen, wiae weighed in air, and

then in dlstﬂled water ® at 23 ! (W) Giiven
the density of the Wwater, paue, the specific volume
was calculated from the equation

‘[-IB=WE|I_W“HI'_ (2)

ﬂw.lmwllr

A dizenszion of the aceuracy of tho messurements
of A% and ¢ is given in appendiz 5.1.e.

The above method of datermining the average
thickness of a specimen is distinetly superior to
direct measurements using a micromeder, particu-
larly for molded or machined specimens which have

4 13 ak[l1ed waper wax gelecied a8 & muiktable immersion Anld ke POTEE afnes
mdmaltyﬁl;whmrweutnmmwm Ly wwbar wbasTpbOE of POTFE
Iz unmeasurably smnall, Aumall g wmh::uﬁn t was sdded to the
waker b0 reduss surkaes fenaion nwthewatarhrno
HeE Ehat M ppo,
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Taris 1. Physical charactertstics of the disf and thin fill specfmens
Degeat | o R I e
Ryreriim tallinlty ; Femarks valoma ArcR, AU e
pudul il tnrﬂa.x Ly ;1 I| g oe, T riR, | i m&unnﬁ
ermi gt mt I 3
T BDA 00, §} COryatallized slowly fpom melt. Bpeclmen highly L 425 1a. 141 =<1 Ewa
i EOB sphoralitle,  Hny white cloudy nppenence., - dirig rqILe] \ N 1.W7
[IXFYY Nt Queench prystallized. Specimen Lonbaing no vl _4711 15 20§ STEdD T. 128
i 3B spheralites,  Opticully rither tranapannt, -d71l B 048 | 1N FALL
.73 T3 Cryetalized by quenob—— s anneal methed. o G4 51541 1750 2. 556
gm-ﬁlm.gn containg ng vieible gphenllted. DRl
cally Isrly renspancmt, [
[ ] AR Preparsd by rapd quenclhing of thin ;. Optl- TR w3 - DIE4 125
rally trursparmt, |

the usual slight surface irregularities. {The effect
of such surface irregulurities upon the dielectrie
mepsuraments 8 considered in appendiz 5.3.} In
menguring & rigid material, & micrometer reads the
marimum thickness of the material between its
faces, and unless the two surfaces are perfect, the
desired awergge thickness is not obtained. Tlsing
the specific voluine method outlined above, the
measuremant ‘probe’” econgista of the liguid which
establishes intimate eontact with the surface, fol-
lowing its minute irregularities. Furthermore, if
the material whose thickness is desired is somewhat
soft, use of & micrometer tends to compress the
specitien hetween its faces. Immersion in & liguid
aubjecta the specimen only to very mild and uni-
form pressures.

The values of A and ¢ st other temperatures are
calculable froin the change in epecific volums with
tompearature, which has been praviouvsly measured
[4]. -

Values of T3, A% %, and .2 for the specimens
etnployed are given in table 1. Here ® iz the
equivalent vacuum capacitance of the specimen at

23 *() expressed in pf.* (), is given by
ASS
O =ey o5 @

where & is the elactric constant in the mks rational-
ized system (n,—=R.854 X 10~ F/m,=0.03854 pf/cm).
After determining the above physical character-
istics, the speeimens were given conducting mntmg.
The planar surfaces of specimena 0.804, 0.50
0.44, wnd .73 were given & conductive !:Dﬂ.t.i.ngdﬂf
avaporated gold, . while silver conducting paint
(ailver 4922, manufactured by E. I. DuPont de
Nemours and Co.) was applied fo specimen 0.12.

2.4, Determinotion of x

The degrea of crystellinity of & apecimen of
PCTFE {defined here as the mass fraction crystal-
lized} i= al any temperature defined by the equation

V-7

—_— —

Vi—V.

(1)

1| pl=] picofartd = lual,

whore V, is _the apecific volome of the pure liguid
(or glass), V. is the speeific volume of the pure
erystal, and V the specific volume of the specimen
in emig—L _ _

The values of ¥y and V, at 23 *C arc 048175 and
045755 respectively [4]. One meay then write for
the degree of crystallinity at 23 °C

0.48175—V7=
0.0242 )
Using this formnla, x can be simply determined
from the value of V&,

The value of x remnaine constant with tetnperature
a2 Jong as those temperature regions in which melting
or further crystallizalion can take plece are avoided,
In order to avoid further erystallization of specimens
0.44 and 0.12, thay were not heated above 118 and
60.6 °C, respectively.

Specimen 0.80, for which dielectric measurements
weire made up to 200 *C, undarwent a significant
amount of partial melting betwean 175 and 2040 °C.
(This partinl melting is actually due ic the complete
melting out of the amaller crystals in tho material.)
In this region, the valug of x decreased, bt the
process was reversthle as long as the specimen was
brought down in temperature reasonably slowly.
The temperature dependence of x in this region is
shown in figure 1. These cutves wera obtained
from earlier work [4]. At 150, 175, and 200 °(, the
value of y for apecimen 0.80 is 0.79, 0.75, and 0.65
respectively. In any analysis of the data in terms
of x, the variation of x in this temperature range
should not be negeleched.

3. Experimental Reszults

The reader is referred to the appendiz for die-
cussion of tha experimental details related to the
apacimen holder, bridgaes, {)-mater, re-entrant cavity,
and waveguide apparatus empleyed in making tho
measurament of Lﬂe loss indax, e, and tho real ypart
of the roative dielectric constant, ',

The reaults of dielectric measyrements are pre-
sented in hoth zraphical and tabuler form. IE‘ha
experimental points are shown on sorue of the plots
to give an indication of the accuracy. From the

ar2



Tasix 2. Smosthed diclectrdp dofa for apecimen 0,80
Tt év' mod 0™ repeesent the poasible error e the Taloes of of and OF peporiled below, Ehen, when <100 ofs be" =i 169 nnid

A =1, Whien 10 ke << 10 Mgt fwin Sy =055 and e

S i '
= | $3RESREFIOILIARARETRLEES M REABRSTARSERNILITISIRAREY | | | 7 | sgsmeenensammearezysagEs |
o |— — P i m
= 8 R m
. | #ENREEIEEA%C 1040 IR TES . | FEEB2T3IR20EA0S0 RRRHR | || . | 28973930208 E2L8NETTERET |
liedededrlad edgi i pdsitimicipded sdnipd edml pd ad ek i od ] o vd @4 o o e oo o o] ohomd o ekl i e g P o o o o 2 oo ol o o i o e o el md o]
% | snemguevenstesemRansaany | | G | owsusumssavizmgsigesmess || | | o | gsessascasascnansosiivs
gL i Pl ™ i
] > n = .
I 2 : g :
~ | BE3EBE8ER39TTIS09539E . | BEEEESESNeETEZERSEE R | . | EEEZ22S2ES5YNEREEERER |
et clipicicleledsded sipd o pd i o Hunimiiticioinde ddoigded ehod pd et sb o i ci vd o o o o o ol il d ok o o e ol e s e _
% |sssssssanmmsvassnzes || | | | eesseecnmmssggusaseesass || | | G | seesusveesseensssangsgsly
EE LA el
'1.. | BEpEEEBEInILEsgNns . | BEERPERARERRORERESngEags 11| T | . | SRNSDSSRIRESNG eERLARE
olednanlod chcisiciitiminivici cirind 2d ; iricdm e i i s e i el od : Mededsindeled el edeied eded el ed e i od e o o i
% | sBazsanaEsssnzeavuereans 5 | secezpespzussesysgRAgesREaes : wﬂﬁmﬁﬁﬁnnmnmmm%mmmm
o] ] L L :
W ML ._.ul._ “
i % k] :
. | ERESRRTYIIREANS2T5TEES . | PRPREERRATERIIRIS2%ROg IR s . | PREREEECERESEE00 88T |
cirdededsipddsidpd it Mipicd el M e i i d cicipdedcicieded s pigieiei i civivi piedpd doipd ed ed ol d elefededsdpdedsdnl el d el e i e i i !
m £ i
£
i Fs i
TS 1ER 3 £, m 3 g oF, |85, 5 £
m F T eeSRgEE2TNVIAREES TS \ m ¥ oeeEREgRR-wHRRgRI-HEgme _m ¥ R EER N SRREEET AL

273




TapLe 3. Smoothed dielotric date for apecimen 0.44

Wd%{éﬁhg d F L} ek then =005 and
L & = A
When TER) °C and {ﬁﬁ koin il Mg then 4 =0
When 7550 %C and S 100 kofs ad a¢ =875 aud 3= 1.

bla error in the valies of < and e EBDI%GL‘I below, nra lumcticos of the Iroqueney nod tampernture:,

and k'f=
And when 750 20 and 100 ko < U Hon then &' =157 and
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smooth lines drawn throwgh the pointe on such
figures, the smoothed data presented in tahles 2
to 5 * were obtained. The smoothed data are pre-
sented rathor than the netnal data in order to eliminate
oceasional peints which are obwvionysly execssive]y
in error, 8= well as minimize the randoin effects of
experimental error which arise from the limitations
of the accuracy of the measuring apparatus. The
experimental aceuracy iz discussed in detail in the
appendix and is indicated in the legends of tables
2 through 6.

All the experimental loss index dats have been
corrected by subtracting out the loss component due
to d-¢ resistance when this component cxcends 1073
The d-e resistance was determined by observing the
current in the specimen after applying a d-¢ voltage.

b In addition to th dais reporiod in tables 2 and 3, mesxerements wtre made on
e L B0 Bk ), 112,256, and 180° O and on apecimen 0odd ak 105, 110, and 178% G,

te above measuremenis exiended fom 0,1 {0 J0 of.  Thise poibts word el
to dermin: aetlvwiin encrgles and are oot given o the tables,

Tha d-c resistance (E,.) was computed from readings
obtained after the observable time eoffects had

vahishad. In some cases thisinvolved times of about
10%sec. Theloss compenent due to the d-e resistance
was computed from the cquation

o= {wlHa} . (6)

where w i 2w times f, the frequency. The low-
frequency loss data are aifected most by this com-
¥onent. Even ao, at 0.1 ¢fs, o was less than 104
or all specimens when the temperature was lesa than
100 °C. The loss data for specimen (.44 required
correction ab 100 and 118 *C.  Ewven at 118 °C, this
correction wis not required above 2 ofs, so that it
scarcely altered the shape of the loas peak cbserved.
Specimens 0.83¢ and 0.73 required correction only at
temperatures at or above 175 °C.  The losa data of
the liguid specimen (200 to 250 *C), given in table 6,
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Smeatked diclectrie data for specimen 012

TaeLE 4,

The accuracies in " and o are about 1% and 3% respectively
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TaAnLE §. Frelectric dala for apetitien 0.0
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1%104} respectively.
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required considerable correction, and the magnituds
ol the d-¢ component aubtracted is included in table 6.

3.1. Data for Specimen 0.80. Nomenclaturs Usad
to Denote Losa Processes

Figurez 2 and 3 show the frequency dependence of
e’ and ¢, respectively, at the indicated temperatures
for specimen 0.80. These plots illuetrate the
hehavior with temperature of the most prominent
Jo=s process in the polymer.
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Frovee 2. Frequency dependence of the principal lose fnder
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Froure 3.  Dieleclric conslanl versus frequency for specimen
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Walues of + givan shove were obtained by snbiracting the Indiasted montribotbey

The loes process leading to the loss maximum evi-
dent in figure 2 will be called the “low-lemperature”
process, since on & plot of the loss index as a function
of the temperature, T, et a constant low frequency,
this effect occurs at temperatures lower than the
oiher processes observed.  Figure 4, in which ¢ at 1
cfs is ploited against ¥ for the x=0.80 specimen,
illustrntes the scheme employed to name the loss
brocesses observed in this polymer.

Congiderable care will be taken in the paper to
correlate and identify the loss peaks on the ¢ versus
T plota, with the corresponding maximums for other
effects) in the appropriate " versuslog # plots. Ifa
loss peak sppears on an &7 versus T plot, the under-
l¥ing mechanism causing the peak will usually
lead to 8 maximum or other discernible effsct in
sn '’ versus log f plot in the appropriate temper-
ature and [requensy range, In genersl, an anelysis
based on a study of both types of plot is more power-
ful than with just one or the other. It is emphagized
that the nomenclature used to denote & procesa under
discussion is based on the ¢’/ versus T plot (seefig, 4),
irrespective of whether the process is manifested on
an «' versus T plot or an «'7 versus log f plot,

Two other relaxation proccsses were observed in
specimen 0.80. The first of these, on an &' versus

T | I [
LOW TEMPERATURE
o4 ]
seeciuen
20 T
EII
oz |- =
INTEAMECIATE HISH
I the TERMPERATUAE TEMPERATLNE
FROCE S5 PROCESS
T l ¥
a L L | 1 |
-50 o 50 100 150 200
TEMPERATURE , *C
Frioure 4. " sersus femperaivre of 1 ¢fe for specimen 0.5,

Thbs Nustrates the nonoanclature sehene weed to denete the 1o phocessE,
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log f plot (fig. 5), is most apparent in the temperature
regron between 75 and 125 °C at frequencies between
0.1 ¢fa and 10 kefs. It iz cvident in figure 5 that o
gmall loss maximurn, partly obscured by other mech-
anisma, shifta from low frequencies on through {he 10
c/a region to higher frequencies as the temperature is
raized from 75 to 125 °C.  This mechanism is the
same as the one which leads to the clear-cut inter-
mediate-temperature process peak when ¢ at s fixed
flow) frequency is plotted as a function of temper-
ature (fig. 4}. Hence, this mechanism s dencied as
the “infermediatefemperature’ process,

The third relaxation process observed in the
x=0.80 agpecimen shows up guite clesrly on both
an ¢’ versus log f plot and an & vemsus T plot.
The logs peak in the ¢’ versus log ¥ plot shown in
figpure 6 is easily =seen at 150 and 175 °C, but at
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200 °C it is obscured by the losa peak associated with
the Jow- and intermediate-temperature processes.
The mechanism leading to this lose peak is the same
ag that producing the high-temperature peak in the
¢’ versua T plot (fig. 4). For convenience, this
process, whether mamfested in an ¢ versus T plot
or an ¢’ versus log f plot, ie called the “Aigh-tem-

perature” mechanism.
32, Data for Spacimen 0.44

The data for specimen (.44 are presented in figures
7 and B where o7 and o respectively are plotted as
functions of log f at the indicated temperatures.
From figure 7 it 18 apparent that the low-temperature
relaxation process 16 active in this specimen.

Figure 9 shows the frequency dependence of the
loss index in the high-temperature, low-Iraquency
region. The loss index peak observed here is higher
in magnitude than either the high-temperatura
process or the intermediate-temperature process
evidenced in apccimen 0.30, As will be discussed
later, this loss peak = mostly due te an intermediate-
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temperature mechanism of the type that appeared
in the 0,80 specimen, but it evidently contains a
vontribution from fhe high-temperature loss mech-
anism. The peak in the ¢’ versua log f plot that
appears explicitly in figure 9 for x=0.4¢ 18 clearly
substantially larger than that which exists (but
which does not appear explicitly as & loss maximum
in an &' versus log f plot) in the x=-0.80 specimen

 (fig. 3).
3.3, Data for Spacimen 0.12

Since this specimen was & thin film, special com-
menits on the measurements are necessary. These
arg given in appendix 5.3. Breadly speaking, the
ecror in the measurement of ¢ ond ¢’ for the thio
film is aboul =+ 1 percent and + 2 percent respectively.
The measuraments on the thicker disk-shaped speci-
mens are subs antially more precise {see appendix,
and footnotes in tables 2, 3, ang 5).

Figures 10 and 11 show ¢'7 and <" versus frequency
for specimen 0.12. On an «" versus T plot, to be
diecuszsed later, tha data on (12 exhibiks the low-
ternperatura process.

3.4. Data for Specimen 0.73

Fipures 12 and 13 present ¢ and ¢ versus fre-
guency ab the indicated temperatures for epecitmen
0.73. The loss peak in figure 12 ie asaociated with
the low-temperature peak on an ¢ versua T plot, and
is rather mmilar in charnctor t¢ that evident in
specimens 0.44 and (.80,

The loss index of specimen .73 as & function of
frequency for various temperatures betwean 75 and
175 *C is presented in detail in figure 14. Later, it
will be shown by the use of an ¢ versus T plot at
1 efa that this loss maximtum resoltz from “mixed”
contributions from both the intermediate- and high-
temperature mechanisma,

It iz appropriate at tbis time to recall that speci-
men .73 was prepared by aonealing a previcusl
guenched hulk specimen st 19¢ °C until » hig

epree of eryetallinity waz achieved (“quench-m
anneal” techmigue). hiz was done in order to coin-
pare the dielectric properties of specimens with near]
the same high dpegree of crystallinity, but witﬂ
erystals nocleated and grown under different con-
ditions. The most striking difference betwean the
dielectric properties of specimena (.73 and (.80 ocours
in the high-temperature, low-frequency region. Clomn-
parizon of figures 6 and 14, pnrt-icularﬁr the data
obtained near 175 °C, demonstrates this differonca
most effectively. TFigure 6 showa a loss pesk maxi-
mum for apecimen 0.80 (x=0.75fat 175 °(} as noted
in fig. 1} at 175 °C near 1.6 kefs, while fizure 14
shows a loss peak maximum for specimen 0.73 at
175 *C near 15 kefs. The one-decade shift in the
frequency location of this loss peak in the two
apecimens indicatez that even though two specimens
may have the wame degree of crvstaliinity, their
dielectric properties need- mot be identical. The
cause of this effect will ba discussed in section 4.1e.

3.5. Empirical Method of Estimating x From the
Dielectric Data

In order to corealate and sompare the dislectric
data of II’U%‘FE resented heve with resk;lts obtained
previcusly by others, it is necessary to know approxi-
mately t.ﬂra degres of cryatallinity of the specimens
that they usgr In many cases, the density of the
apecimen was hot reported in the literatura, so that

in means of estimating the degree of crystallinit
cannot be employed. However, at least rougﬁ
value of the degres of crystallinity can he obiained
from the dieloctric data itself.

To facilitate this determinetion, & coovenient
although crude crystallinity ‘‘zeale”™ was obtained
from our dielectric data on specimens of known ¥,
Comparisen of our reom-temperatire data for speci-
mens of various degrees of crystallinity showed that
in the most commonly employed frequency region
(about 50 efs to 100 kefs}, the loss index at l:ﬁmt
160 ¢fe exhibited the greatest dependence upon .
Tha dependence of the 100 ¢fs valuss of ¢ and tan §
upon the degree of crystallinity is presented in figure
18. The degree of crystollinity of specimens em-
ployed in other dielectric lnvestigations of PCTFE
was estimated from the survez of figure 15, The
results ara given in table 7. In most ouses, the

TagLe 7. FEefimoied degree of eryolailingly of FOTFE
apecimenn weed in other dielectrie studies

X X
Anther Hpecimen descripticn dlal‘.atig'ldc denait;
me m

P.llz.ﬁuolda and coworkerz | “Kel-F" polymer_ o ________ 047 |
(1) eoaled alowly Trot B4 70, ] .
1Inrtaborn and coworkers |108) quenched trom 340 "0 _____ .54 e
12] #) quenchad rom 256¢ “0_____ ] e
Mikhnilor and Hachin {% eoirleal sbowly. L L] P
[CT] abroptly cosled_ o ____| {2y [ o

11y eoled skivrly Trem mclh_ .. R -] LR

Nakadma and Balto 6] .| ) quum'lge:d to room  bame AT A8

peratire.
(3 gquencbed to —3000__....| (-3 4

& Egrept whers noked, the valoes of p (dipeetrls medhod) were eatiroatad Mo
the dleloetrle Ings daks aakog #o ercskalliviky “sale” glveo in figure 15. The x

{density method) valies ware calculatesd from the denalttées fwhon glven), wong

kb ervatatlinity seale of refaremce [4].
by pstmiabed (oo I3 ™ O tan F duii at 5o

values of x obtained by the dielectric method are
sompitible with the indicated thermal history of the
gpecitnen.  Howevar, the values of y obtained for the
Hahruptly cooled " specimen of Mikhailov and Sazkin,
and forthe “quenched to —30 °C" specimen ¢f Noka-
jima and Saito, appear to be lower than one wounld
cxpect from the jndicated thermal treatment azsum-
ing that bulk specimens were employed.  (Nakajima
and Saito veed specimens 2 mm thielk.}

Even with the most stringent quenching {ech-
piques we have been unable to attain such low values
of except with thinner specimens. While tha
resulis in table ¥ for the dislectric method doubtless
give a rough picture of the range of x used by other
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investigators, it is clear that x determinations based
on ¢ or ten § measurementis on POTFE must not be
regarded &2 being & substitute for the more ac-
curate density method,
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4. Interpretation of Regults

4.1. The Intermediate- and High-Temperature
Relaxation Processes

The principal ohjective of this section is to identify
tha phazes 1n which the mtermediate- and high-
temperature loss processes originate, and to con-
sider the nature of the relaxation dphnnumena in these
phases. It will be demonstrated in scetion 4.4 that
none of the dielectric loss peaks discussed are o
result of Maxwell-Wagner polarization.

4. The Intannediate-Temperahira Procems

tha intermediate-temperature loss
rocess, use will be made of the dynamie mechanical
o3 data on PCTFE of MeCrum * [8], who atudied
sgmimens of various deﬁes of crystallinicy. Al-
though others [9, 10, 11] have studied the dynamic
mechanicel properties of PCTFE, the data of
Mec¢Crum are particularly valuahle since he investi-
ated specimens with a wide range of known erystal-
Imities.

A useful type of plot in discuszing the dielectric
aspects of the mtermediate-temperature loss proe-
c89 is shown in figure 16a, where ¢ is plotted as
# function of tempernture at 1 and 500 ¢/s for the
various dielectric specimens. A graph of the me-
chanical loss data of MeCrum, plotied as logarithmic
decrement, (= » tan §) versus temperature, also at
1 efs, for samples of varicus degrees of erystallinity
i3 shown in re 16b.7 The degree of exystallinity
Enia calculated from specific volume data wsing ay
a).

Three mechanicsl loss peaks are ¢vident in apeci-
men 0.30(M){x=0280). The intermediate-temper-
sture peek is in pensral most pronounced and oceurs
at virtually the same teroperature (95 °C} in all
three sperimens. The intermediate peak observed
dielectrically in specimen (.80 at 1 ¢/s also oecurs
near 05 °(). Thias s ts that the same molecular
relaxational inechanism underlica both the me-
chanical and the dielectric intermediate-temperature
loss peak. Simmee the magnitude of the mechanical
intermediate-temperature peak i= incressed by in-
creasing the fraction of the amerphous phese present
{see fig. 16b), it secms ressonsble to identify this
peak tentatively as s property of the normal! amor-
phous {supercooled liquid} component of the semi-
crystalline polymer. Further evidence supporting
this identification will be presented chortly.

The intermediste peak in the dielectric data evi-
dently decreases in magnitude as the fraction of the
amorphous component decresses. (Compare 0.80
and (.44 curves in fie. 16a). This decrease of in-
tensity can be clearly discerned despite the fact there
i evidently some “mixing"” of the main intermediate
component. and & weaker high-temperature process

In dizeussin

+ Tha aothors are decply Ihdsbied to Dr, MeCrum of tha E. I dubPont e
enpurs Compaty fr mekiog these data avallshls o us 1a prblicntion.

T, Melmm measurod the lcgarithmle dscoment Cx twn & and the
korsion modulng &, st 1 e nsing the sjoy penhdulam method st emparationss
betwean —180 and 421970, Siocs oo farther mechanical Losd mAY| KA Wara
whgaiyor, Trelow =B “C and our dislsckris data does Dot extend bolom =N0#0.
only tha » tan A data above —50 0 am shown hare.



component in specimen (.44 which causes an upward
ghilt of the characteristic temperature. (A detailed
discussion of this shift is given in section 4.1¢.  The
peak for 0.73, which was erystallized in & very differ-
ent manner than (.80, is a0 completely *‘mixed"” and
strongly shifted as to he of Little value in the present
compatison.] In any case, the relative intensities
of the dielectric loss peaks at 1 o/= for 0.44 and 0.80
in the vicinity of 90 to 105 °C7 clearly supggest that
the amorphous phase is the seat of the intermediate
rocass,

It will now he damonstrated that the intermedinte-
termperature loss mechanizm that appears at sboub
95 %] at 1 ¢fs in both the dielectric nnd mechinical
date may reasonably be associated with the relax-
ational effects of the normal glass transition in the
amorphoua regions of the polymer at F,=52 “C.

A typical property of the onset of the glass truns-
formation in an entirely amorphous body is that the
apparent heat of activation, AH*, decreases rapidly
as the temperature is increased above T,. From the
work of Williams, Landel, and Ferry {(WLF) [12],
this dependence of A" on temperature iz given for
many amorphoys substances, including nonerystal-
ling linear polymers, by the empirical expression

412X 1077

AHT*{ealfmole)=— BLELT—T 7

where T, is the plass traveformation temperature as
determined from the break in a spacific volume versus
temperature (V—7) plot. Ferry [13] has indicated
that the constants in this expression may yary some-
what from one case to another, but eq (7) iz still to

he reparded as & fair representation of the peneral
situation. The expression is valid hetween T, and
T+ 100 °K.

The apparent heat of setivation wasz calculated
from the data using the expression

—Rdnj,
—E{if—f.}‘f—ﬂﬁH‘ EE}

where K is the gas constant, T the absolute tempera-
ture, and #., the fr&t:iuanc}r of the maximum in an &'
versus Jog f plot. In some cases, eq (8) was used
over restricted temperature ranges to obtain AR as
a [function of temperature.

Figure 17 shows a plet of log §, varsus IFT.

Specimen 0.80 wns the only specimen for which
the maximum of the intl:rmedllrate-temparatum ponk
on an ¢ versus log f plot was sufficiently resolvable.
The x=0.44 specimen exhibits a peak moatly due to
the intermediate process (figs. 9 and 16), but the
shift of f, with 1/T dus to the intermediate compo-
nent itsel! is not accessible®

The upparent hests of activation associated with
the intermediate-temperature process for the 0.80
speciman are given for two temperatures in table 5.
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Des'!]it.n the fnirly large uncartainty, it is evident that
A decreases rapidiy as the tetnperature is increased
above T,. (AH* drops from 67 to 34}.°

Tha temperature dependence of the apparent
heat of activation for the intermediate-temperature
¥m:-(-.asa calculated using the dielectric data is in
alrly good agreement with that calculated from the
WLF expression, cq (7), with T,=52 *C. This is
illustrated in figure 18. The fuct that some dif-
ference exists between the predicted end experimental
values of AA* in this case ia not surprising, sinca

¥ Whlle the esparoental] palots detevbribing tlsw Ig"]. ¥, 1T eucwe B the ins
termeediate process of specimen 0.9 {fig, 17 may po ¥ he fitte:! by o riraight
[me, the ourwed Moe sbown io Bgure 17 provides & far better Ot of (i the peints.
Farthoreisre, negreed Lite 18 o he gxpectecl in LS chse oo the badis of e perion-
ta] work of athera (14, 48]
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Frotex 18,  The apparent aclivation ensryy of the fnfermedigle-
temperddr e process and wmized indermediale- and high-lest-
peraitre procesacs perguk the besmperalure.

The curved lines wev coloulutad irom tha WLE equation, using tha todicated
Fulucd Ior Tpor T,

The polots fexcenl one) indjraks the srperimental dieboctsic data. The amgle
mechard t resuits from cotbinity Ebe L ofs dwks of BcCrum (5] with
the 3,53 tfa dade of Sehonbeder and Wl [Qli

the nccuraecy with which AH* is experimontally
determined ie rather low, and sinece thoe constants in
eq (7) are not strictly universal,

Alzo shown in fipure 18 is a single point calculated
{rom the difference in location of the 1 ofs mechanionl
loes peak at 05 °C' abserved by MeCrum, and the 3.3
¢/s mechanical peak at 104 °C observed by Schmteder
and Wolf [9].  Although thiz point was caleulated
from two different seta of date, and from a tempera-
ture rather than a frequency plot, it is consistent
with the pointa chtained from the dielectric dats for
tha intermediate-temperature process and falls
fairly elose to the curve calenlated from eg (7).

T]{a fact that the WLF expression is obeyed even
approximately (with T,=52 °C from V-T data)
for the resolved intermediate procesa indicates that
this process is a reluxation effect Lhat is ]gremomtor}'
to the glass transition that oceurs at 52 °C.

Another indication that the intcrmediate process
is associated with the glass transition is provided by
the large change of modulus in tha mechanical data
in the general vicinity of the intermediate peak,
l:_spmia]]%rchl the less erystalline specimens. Strictly
nmorphous polymers show o similar largo change of
modpuos.

When considered together, the facts outlined
above lead to the definite ¢onclusion that the in-
termediate-temperature procesa iz indeed 8 bulk
property of the amorphous (supercooled liquid)
componsnt of the polymer, and further, that this
process i dus to relaxation effecis connacted with the
onset of the normal glass transition in these amor-
phous regions. The molecular phencinena leading
te the intermediate-temperature process doubtless
involve complex metions of a ]m'%e number of poly-
mer chein segments io the amorphou phase,

Baito and Nakajima [14] have experimentally damon-
strated in the ameorplovs polymers they studied that the
fragqueancy of the doss index maximum for the relaxetion peak
pesociated with the glags transitfon les botween 103 and
10— ofs, when the temperature of the spocimon s at the
velue of T, determined from the break in the T-7 plot,
Uaing & frenr extrapolation of tha log fio verama 1/ T data for
the intermedinte-temapernture peak in apaeimen 0.80, one
cbtaios T=57 *C when f=10% ¢fa and T=47 °C when
Fu 108 gfu,  The value of T, {52 *C) dows indesd lie between
these temperatures. There are, howover, seversl difficulties
with this simple extrapolstion in the sase of PCTFE. The
log fu versue 1/T line i aotuslly curved, and both of the
above eztimates of T are low In comparison with what is
estimated using curvature %ee below). The extrapolation
s in any ease rether long. sing an extrapalation with cur
host aatimate of the curvature, it & eatimated that P=77+ 10
°C for 104 ¢fs and T=72+ 10 *0 for 1077 ofe, both values
being higher than the value T,=52 °C obtaloed from V-T
dats. "hite the above may b regardad a3 providing general
though not conslusive support for cur praviogs conclusion
that the intertnediata-temperature process Is conneeted with
the glasa trenaition in the amorphows gomponent, it is ap-
parent that extrapolation to frequencies well balow 10~% ofs
would bo required te give a T value that ¢orresponded fo
T, from the 1-T data in the case of this semicryatallioe

tnar.
pe e poasible explanation of the different [ values {on a
log fm versus 1fT plot) that sorrespond to T, as mesaured
by the F.r method, in purely amorphous polymers (fe=10-1
to 1077 ¢/5} on the one hand, and the amerphous cotnponent
of semicrystalline polymera (fX10-! ofs} on the other, is
that the T, value from the 1°-T data in an entirely amorphous
polymer s eoneiderably more time-dependent than it is in &
sentorystalling polymer. _

Buito and Nakajima have ghown that T from V-T dats
depends on the rate of messurement in purely astnorphous
polymers, being higher the more rapid the measurement [14].
Interestingly, the same authors have shown _that T, for &
semicrysialling polymer, 23 meazured by the V-T methed, i
nmuch less pensitive to the time seale of the measurement.
(This aceords with our experience on V-T messurstoents of
7T, with PCTFE)., The implication i that the Ty value
measured for a samieryetalline polymer by the VoI mathod
ia lower and nearer the intrinsie {quit.e pusaitdy  tine-inde-
pandent) value than thet of & corresponding purely amerphous
polymer. One possibla explanation of this is that it j8 a
resilt of o aize effect, the amorphous regicns in semiorystailine
polymers belpg quite small, In any event, it would appesr
thet in pemicryatalline systems, f values that mre substan-
tinlly Jeas than 10-Y ofs tiay be o appropriate in estimating
values of T for comparison with T, values from V-T data.

b. The High-Temperaturs Procesa

When clearly resolved on an ¢ versus T (dielectric)
lot or & «tan & versus T {mechanical) plet, the
igh-tcmperature process peak appears at about
160 °0 at 1 ¢fs (fe. 16). Notice that the resolved
high-temperature peak appears only in the x=0.50
specimens in both the dislectric and mechanical cases;




there is no indication of a resolved peak in specimen
0.73 (dielectric), which has practically the same
de of crysta.ﬂjnjty at the temperature under con-
sideration. Dielectric specimen 0.73 merely exhibits
a single “mixed” higi: and intermediate peak.
Further, no resolved high-temperature peak appears
in mechanical specimens 0.27(M) or 0.42(M). This
implies that the appearance of a resolvable high-
temperature process not only involves the ecrystals
in some way, but also depends on the manner in
which the high crystallinity is achieved.

The crystallization in specimen (.80 is of the
tyﬁica.l lamellar spherulitic type. Larnge Iamellar
spherulites commonly appear in linear polymers
eryetallizad from the malt under conditions of low to
moderate supercooling such as was used in formi
specimen 080 (section 2.2), and cbsarvations wit
& polarizing microscope fully confirm the existence
of such objects in POTFE specimens similar to 0.80

[15]. The milky-white appearance of gpecimen 0.80
13 due to the scattering of light from objects.
Specimen 0.73, crystallized tha quench—anneal

technigue (sec. 2.2}, is optically much clearer than
.80, and ¢ontains noe spherulites visible with &
polarizing optical microscope, The same is true of
gpecimen 0.44. The erystals (or spherulites) in
.73 aod 0.44 are evidently much smaller than in
G.80. In any case, it appears that the resolved high-
temperature process evident in gpecimen 0.80 is
clogely associated with large and well-formed lamellar
epherulites.

To an approximation sufficient for the present
discussion, lamellar spherulites consist of stacks of
chain-folded bladelike crystals {lamellae) that emanata
from s central point (fig. 19). The long axes of the
polyrner molecttles are cszentinlly perpendicular to
the two large flat faces of each blade, these faces
containing the chain folds. In many cases, the
lamellsa are twisted as shown in 19. This
twist leads to the beautiful bands that are seen in
the optical extinction ]]mtterns of apherulites. The
lamellae are commonly from 100 to 500A thick
{distance between plane of c¢hain folds), this thick-
nesa hbeing lar, tha higher the erystallization
temperature. ganeral theory of the formation
of chain-folded lamellar sphemites has been given
hy Hoffman and Lauritzen [18].

If the high-temperatura process were & ‘‘glass

trangition” type of effect, a break in the V-7 curve
in the vicinity of about 120 °C would be ezpected.

A careful examination of the V-T curve of specimen
.80 revoals no obvieus break above the one ak
T,=52 °C, though lack of sengitivity might ihl
be the cause of its apparent absence.  Also, the WL%l
expreseion with an elevated glass transition temper-
ature (~118 °C) i not necessary to Inin tha
apparant temperature dependence of AH™ for the
resolved high-temaperature process (table 8); the as-
signment of the constant value AH*=80 Leal/mole
provides an equally acceptable fit within the
rather lavgs experimental error. Thess obsarvations,
though not conclusive, are consistent with the pro-

that the high-temperature process in PC'FFE
mvolves the crystal lamellae,

SURFACE

CENTER OF SPHEAULITE l
Foovrr 1% Chain-folded Iomellar siructure sn apherulilan
(sofemaiic).

Thera iz some indication that the high-tem perature
rocess is nob simply a property of the bulk crystal-
ine phase,

Ii the high-temperature process were a hulk
crystal property, it might be expected to appesr in
mmlvedp form in specimen 0.73 with nearly tha sarna
inteputy as it does in 0.58), whether or not the
crystallization involved was of tha well-formed
lamellar spherulitic type. This is not the situation
for tha dielectric date. It may thersigre be con-
eluded that the high-temperature process iz not a
simple bulk property of the interior pert of the
crystals. This suggestz that the high-termperaturae
mechanism exhibited i resolved form by apecimen
0.80 may involve the chain-folded surfaces of the
lamellas. Crystal-size effacta may be involved in
ghifting the high—t.emgerature procesz to  lower
temperatures @I .73, but this i not inconsistent
with the general notion that lamellar surfaces or
interlamellar  surface interactions are involved.
Aleo, the poseibility emiata that “abnormal’’ amor-
phous polymer contiguoua {o the crystal suriaces
may be involved in the high-temperature process.
Thiz would place part of the canse of this procesa
in the category of a lamellar-erystal-amorphous-
pbase interaction, but in a broad sense suck an
effact could atill be regarded as a surface property.

In summary, the suthors consider that a strong
case exata for believing that the high-temperature
process in its resglvad form in PCTFE éislpecunen
0.80) is connected with the existence of well-formed
lamellar chain-folded spherulitic structures. While
it is not completely certain, some avidanee EU%geata
that the mechanism jnvolves the surfacea of the
lamellae.

Takayanapi has recently proposed that the high-
temperuiaureglpmcesa, ad ng;omﬂd in mechalll:llﬁal

i

loss measurements in cerfain eeinicrystalline poly-

33




mers, is assoviated with chain-folded lamellar
piructures [17]. HResolved high- and intermediate-
temperature peaks appear in the mechanical loss
data of polvethylene and polyexymethylene [18].
{These polymers also exhibit the low-tempersturc
process] .

A number of mechanisms ean be proposed that
might lead the crystals or their surfaces to exhibit
dialectric and mechanical loss of the type observed
in the high-temperature process. Broadly speaking,
these machanisms deal with motions of various
typez of surface {or other) defects in the lamellar
eryatals, tnotions of the chain folds, and interlamellar
interactions, topether with certain combinationa of
these concepta. However, the present experimental
study does not point elearly to which if any of
thesa idess is eorrect, 80 no discussion of the varioys
madels is given.

¢. Mized Intermediate- and High-Temperatnre Frocwmts

In 16a, it i8 scen that the dieleciric loss
pesk that appears above 100 °C' exhibits a large
shift toward higher tetmperatyres (=105 to T==125
®CY as the d of crystallinity increases from
0.44 to 0.73. Also, it iz ¢lear in the cage of speciman
0.73 that only a single “mixed” peak appenrs,
rather than two reaolved peaks as in specimen (.8,
{Specimen .44 wiaz not measured above 118 °C,
but presumably hag no resolved high-temperature
process.) Recall again that specimens 0.44 and
.73 do not contain large and well-formed spherulites,
and that unlike 0.80, they wers crystalhized either
daring or subsequent to quenching.

The corresponding mechanical loss data for
FOTFE plotted a2 rtan 8 varaus T at 1 cofe do not
exhibit such an obvious shift. Ewven when plotted
a3 J°* (shesar loss compliance} versus T, the loes
penk shows ne u}.'n:-ﬂam‘clp shift {withinh an error of
about § °C) as X is inereased from 0.27 to 0.42.
These specimens are similar to dielectric specimens
0,44 and 0.7 in being nonspherulitic,'* and in
exhibiting only a siniﬁa “mized” loss peak. All
were crystallized by the “quench orystallized” or
the “quench—annenl’ technigue.

The ahove-mentioned upward shift of a single
dielectric loes maximum with ineresging % In
quenched or quench—snnealed specimens might
geemingly be interpreted as s large and genuine
incrense in the glass transition of the amorphous
phaze that iz induced by the presence of crystals.
One objeclive of this section is to indicate that the
large upward shift in the dielectric caze is mof
indidative of an equally large increase of T, as
measured from V-T curves, A simple alternative
explanation of the shift of the dielectric loss peak is
proposed, and the negligible shift in the mechanical
case discussed. Also, Erthar causa will be given
for the necessity of distinguishing bhetween Puly:ners
crystallized from the melt, where well-formed
lamellar spherylites appear, and by the quench or

" The moa of the term “mionzyhenalitle'’ hore meanz fhat no ferge well-Remed
apherililen v by with & polarizing opiice] mlcroacope ap 1n the speclmens,
It s ok, intended b imply that numsnHe ertremely amall lneellar apheralltes,
or sell and semewhet disoriented Tmellia:, )y Mot axizt in the spevimebs,

quench—annes]l technigue, where in muny cases
obvicuely epherulitic erystallization dees not arise.
Brief mention is also made ol ervstallization in
oriented aystems.

The shift of the epperent glass transition, T, for
dielectric specimens 0.44 and 0.73 implied by the
¢’ versus log { data may be eatimated by applying
the WLF expresaion for AH*. T, is taken as that
temperature which provides the best fit of the
observed temperature dependence of AH* with the
WLF expression (fig. 1%). The WLF eaxpression
was originally proposed for purely amorphous
materials rather than semicrystalline ones, so this
usa of it here must be viewed with caution. Never-
theless, it will he recalled that it applies reasonably
well to the resolved intermediate component of
0.50. T there & ‘“‘mixing’’ of the amorphous
(intermediate) proceas and a  cerystal  (high-
temperature) process in (.44 and 0.73, then only
an apparent () volue of the glase transition may
be expoacted.

Regarding the norms] amerphouz material with
T,=52 % as the reference point, T, for specingn
0.44 by the WLF method apparently shifisa by
85 %C—52 *C=13 °C, god the shift exhibited by
0.73 is 87 "C—52 °C=35 °C.

An analysis using the log f. versus 1/T plots also
implies that the appurent value of the glass transi-
tion sesoctated with the “mixed” peaks ineresses pe
the degree of ervstallinity inereases from 0.44 to
0.73. This is evident in %:gure 17, where it iz seen
that for any given f value, T is higher for x=0.73
than it is for 0.44. However, as noted in scction
4.1a, it is not easy to get a close estimate of the value
of the apparent glass transition in these cases be-
cause of the curvature, nnd the uncertainty of the
f valuc that should be used.

The concept that these large differences represent
a rea! upward shift in the glass transition of tha
magnitude indicated iz not substantiated by eareful
measurements of the giass transition temperature
from changes of slope in the 7-T curves. With an
error of less than 5 °C, specimena .44, 0.73, and

0.80 exhibit the same T, wvalue on V-T curves.!

It iz therelore clear that the large upward shifts
of the apparant glass transitions T; implisd by the
dielectric data are not to be regarded ae rea] in-
creases of the glass traneition in the amorphous
phasa due to the presence of crystala. Recall also
the fact that themechanical data onspecimens 0.27 (M),
(1.42(M), and 0.80{M} imply a emall if not negligible
incrense of T, with inereasing x. This is consonant
with the V-T measurements of T,, which indicate
& shift of between zero and shout 5 °C for x values
tretween 0.44 and 0.80,

The disparity i the amall if not negligible shift
of T, indicated by the mechanical and V-T dats on
the ane hand, and the large shift ituplied by the
diclectric data on the cther, ean he explained at

1 Ty aomgwhat eoprerasd deals employedq in Ehe V- T qurves of 1

dows fiok show the brenk nenr 82 °C {0 greck bdvntage, A more pres-
entetion of dals on apecimens gimilar to 044 and 080 13 glwen in referenne. [4]

and olearly reveals the plas: transition edect. The V-7 data tor epscimen 075
s L Torsy prgey oty prablisted,
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least in part as follows. Comparing dieleetric
specimen 9.80 and inechanical specimen 0.80(M)
m figure 16, it iz seen that the high-temperature
peak in the dieleetric ease is slightly more prominent
than the intermediate peak, while in the mechanical
cage it has a considerably lower relative intensity.
If in some t¥pe of specimen the high-temperature
ponk shifts downward a certein number of degrees
and “mixes” with the intermadiate peak to form a
single broadened peak, one would expect the maxi-
mum in this resultant single peak to occur at higher
temperatures in the diclectric than the mechanieal
case bacauso of the alorementioned relative intenaity
differonee,  This explanation is consistent with the
Inrge upward temperature shift of the single maxi-
mum in the “mixed” dielectric cases y=044—x=
0.73, and the corresponding much sinaller shilt in
the mechanical case x=027—x=042 (08 fig. 16).
A pgreful expmination of the dielectric and mechani-
cul data for thess epecimens, aa compared with the
0830 specimens, definitaly suggests a downward
temperatura shift hes cecurred in the high-tein-

arature mechaniam in tha nenapherulitic specimens.
]i'hia downward shilt in the high-temparature process
may tentatively be ascribed to a erystal-size effect,
mych smaller and disoriented lamellae appesring
in specimens 0.27 (M}, 0.42{M), 0.44, and .73 than
inths typically lamellar spherulitic specitnens 0,80 and
0.8G{M).

The general question of the possible causc of a
true shift of T, due to ncronsing erystallinity is a
most interesting one. As noted above, the actual
upward shift in T, of POTFE specimens 0.4¢ and
0.73 i= certainly not over about 5 °C as measured
from V-7 data. Similazly, the machanical duts for
6.27 (M) and 0.42(M) imply the shilt in the loss
]p-euk 15 not uny largar than this, and guite possibly
088,

Two effects could account for a true incresse of
T, in the amorphous phase: (1} It has been shown
hy Gaee and coworkers [19] that stress elongation
{eirest 2500%) in an amorphous polymer can increasa
T, as measured by the V-T method by 1 to 7 °C,
depending on the polymer. Thie shows that mo-
lecular orientation of tha lignid phuass gould ineresse
T, somewhat, (2) Typical bundlelika erystalliza-
tion, where one polymer molecule pertieipates in
many erystallites, might possibly oceur to some
axtent in guenched specimenz, This model is com-
monly considered to require a relatively marked
merease of T, a3 x I8 increased,

Ans relatively amall shift {if it iz in {act greatasr
than zero) of the true value of T; for PCTFE nn-
plied by the V-T and mechanical loss data could be
nt least in part due to liquid orientation effects
induced by the eryataliization process. Howaver,
the emall magnitude of the observed shift, 5 *C or
less, does not seam consistent with the large shift
that one would expect if specitnens 027 (M), 0.42(M),
0.44, and 0.73 possessex] oryetals constructed prin-
cipally on the bundlelike pattern. In the chain-
fo?dud patiern of erystal growth, the molecular con-
nections between the crystals (interlamellar links)

will ordinarily be much less freguent thmn the
number of intercrystalline links in the bundlelike
Evalent.

The above ituplies that the erystals in the quench
crystallized and  quench—uonealed  specimens
{0.27(M}, 0.42(0), 0.44, and 0.73) may be at least
Fartl chain-folded in charaeter. The chain-folded
amellae in such specimens are undoubtedly small in
gize and somewhat disorganized with reaspect to
their mutuel orientetion, as compared to the situa-
tion in & well-formed lanellar spheralite.  The 0.80
apecimena contain large and well-formed Iamellae
with a substantial degrae of chain folding,

It iz considered to he of intereet to cominent
hriefly ¢n what the present data and interpretation
for the resclved hiﬁh and intermediate peeks, and the
gingle “mixed” high and intermediate peak in
PCTFE, imply in the case of other polymors, A
number of points are brought out that may prove
ueeful in future investigations.

{1) It is clear that degree of crystallinity should
not in sll cases be capeeted to desceribe the specimen
fully with respect to the high- and intermedinte-
temperature peaks. A case in ];]l:int. iz the x=0.30
PCTFE specimen with resolved high and intermedi-
ate dielectric penks, as compared with the ¥=0.73
apecimen with s single “‘mixed” peak. Here the

ifferencs results ultimgtely from the differant meth-
ode uged to atiain the high eryetallinity, the x=0.580

iﬁecimen being typically lamellar spherulitie, and
e (.73 spocimen possessing Do a tals.
Entirely apart from suggesting that the high-tem-
perature peak i associated with regular lamellar

structures, these resultz suggest one reason why
othar polymers may in some cases exhibit but one
“mixed"” peak in the appropriate temperature .
rather than two resolved peaks.  The present results
on POTEFE show that the quench—anneal technique
of eryatallization leads to & aingls “mizxed’ dielectric
losa process in the polymer. A similar result may
he anticipated in other polymers, if large spherulites
de not form during the quenching or annealing
process,

The interesting work of Thompson wnd Woods
[20] on nonspherulitic polyethylene terephthallate
{PETP) filaments formed by quenching from the
melt followed by annealing with crystallization
appears to fit in this pattern, since only a single
mechanical loss peak i= observed. (Unfortunately
the mechanical loes of highly spherulitic specimens
of PETF ecrystallized from the melt at low under-
cooling has apperently not been studied. Such
specitniens may exhibit resplved high and interme-
diate peaks.) In contrast, polyethylene usunlly
crystallizes very rapidly on cooling from the melt,
rendering it diffieult to avoid the formation of
lamellar structures in specimens of ordinery size;
this polymer commonly exzhibita clearly resolved
high- snd intermediate-temperature loss peaks, as
ehown by Takayanagi [46]. However, by the use
of stringent quenching technigues prior to annealing,
Takayana,gthﬂs succedeed in supressing the high-
temperature peak in & highly erystalline specimen
of polyethylene te the point that only a aingle
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{intermedinte) i)enk is found [18). These two types
of result on polyethylene are highly reminiseent of
olr results on P%TF% with specimens (.80 {spheru-
litic tallized from melt) and 0.73 {nonspherulitic;
quench—annenlled}.

2) The appearance of butb a single loss pesk in
the high—intermediate region may in some cages
result simply from the fact that very little amorphons
material is present in a bighly crystalline specimen,
causing only the high-temperatura peak to appear.
This condition wes appreached but by to meana
reached with PCTFE in x=0.80, but was evidently
found by Taksyanagi and coworkers in a wvery
highly crystalline {(x=0.00 to 0.94) specimen of
linear polyethylens (Marlex 50} [17]. Lwess crystal-
]iuak polyethylena specimenz clearly exhibit both
peaks,

(3} The relative insensitivity of T, and related
effecia to degrea of tallinity exhibited by PCTFE
may not ebtain in cther polymers, Eﬂpecialfy if other
modes of erystollization are employed. For example,

tallization of h.igh]ﬁ criented qucnched fibers
might lead to substantially more bundlelike character
than the other methods. In thiz case, a single losz
ealt that shifted markedly with degree of crystal-
inity may be found which corresponded te a trus
incrense of T, as ineasured by the V-T method,
Thiz may be at least a partial explanation of the
large ghifta (cirea 40 “C) observed by Thompson and

Waoods with extruded filaments of FETP [20].
Thea diclectric dats on POTFE sugzest that caution
must be used in predicting true shifts in 7, when

the intensity and crystal-size factors inwolved in
“mixing” are the real causes of the shift of the loss
maximums. The mechanical anslog of this eaffect
could essily arize in somo polymers. In any case,
the authors believe checking the actual shift of T,
by the V-T methed is a useful precaution against
misinterpretation in such cases.

4.2. Dipclar Polarization and Large Htkgh-Freqnancy
Contrdbution of the Crystala to the Dielectric
FProparties

One centribution of the crystals (or more likely
their surfaces) to the dielectric properties has
plready been uncovered in PCTFE—the high-
temperature mechanism. As will be seen shortly,
the actual contribution of thia effect to tha dislectric
constent is quite small. The principal objective of
this section 18 to show that the crystals contribute
another and generally much more prominent com-
ponent to the static dielectric constant which is
aseociated with a relaxation tima that is extremely
ghort. It will further ke shown that this lazge high-
freguency crystal contribution is a bulk property of
the crystals.

Tt can be shown that the effective contribution of
the dipole orientation polarization, {F.}m, 1o the
static dielectric constant iz given with sufficient
accuracy by the expression

Vie—catx{Pra (®)

where V is the specific voluma, ¢ the ultra-low-
frequency (static) value of ¢, and ¢, the limiting
igh-frequency value of ¢! The quentity «,
includes the contribution of electronic and atomic
finfrared) polarization. The quantity (e,—e_) ia
the ineretnent of dielectric constant due to all the
observed dipole orientation phenomena.

For the liquid specimen (0.0}, ¢ was taken as the
value of ¢ as given in table §, since at the hi
temperatures employed, sbout 200 to 250 o), the
relaxation effects oceurred at frequencies much
higher than were used in the messurements. The

ua of « for the other specimens was chtained h;?
extrapolaiion of the data en a Cole-Cole plot {¢”
versus ') [21] to the abscizsa on the low-frequency
gide of the curve. SBome typical Cole-Cole plots are
shown in figura 20.

In theory, e, can also be determined by extrapola-
tion of the Cole-Cole plot to the abscissa of the
high-frequency side of the eurve. In practice
however, this method of obiaining <. could be
applied with high accursey only at the lowest
temperatures where many points fall close to «..
The values of o, emplo st other temperaturez
were caleulated from the most reliable low-tempera-
ture value cbisined from a Cole-Cole plot {«,=2.30,
T—=—5h0 *C, specimen 0.44, shown in fig. 204) ysing
the Gla.dstnneg)a.le aquation [22).®

Ra.p=constant={n—1)V={/e.—1)¥V. (10)

In using thie equation the asspmption is made that
the atomic or alectronic polarizabsity of & molecular
constituent i3 not sericusly afected by whether the
constituent lies in the wmorphous er the crystalline
regiona. _

The behavior of V (g—¢,) a5 a function of tem-
parature {or the various specimens is shown in figura
21. One of tha most striking features of figure 21

18 the fact that 77 [e,—e,,? for apecimen 0,80 at 200
{x=0.85} is considerably hizher than the 200 °(]
oint on the line showing the typical dipolar liguid
behavior of speeimen 0.0, Thiz marked incresse
in {P.te above the liquid value when the crystals
form in the eystern near T, strongly suggests that
the crystalline phase makea quite a large contri-
bution to the dipolar polarization. It wi
onstrated shortly that this is correct.

In order to identily at least a major part of this
propeged crystal polarization, recall that in figurs 2
the 23 °C lose index data of specimen 0.B0 gave a
strong indiestion of a Joss p ai microwsve fre-
quencies. The existence of this pesk is also borne
out by the data of Hartshorn, Parry, and Rushton
2. It s this high-frequency loss process that leads

be dem-

12 Frahlich bas shown on Fery genersl grounds that [P, heerm (e N8 (mat 1)
m(n,—ap 1 VY where f Iz the slowly varping fnnctlon (Bedem)/Sa (2, The
quantity M glves tha magnihude of the squate of the stectve dlposls hwommg
redutLtitit fron grpentakian of qpeles, i Shoot g kst bons,

12 Carr snd Zimm [24] [oond thet eq (10} spplies more securntely Lo the ootk
wars of the Indax of refractlon (e =nt) 20 8 lonstion of density
than (he Larenls-Lidend, o varlows other cepreadhag, The redils for e af
other temperotares would biove diffared but Htelas il the Loqeotz- Lorooz expression,

[énl=1}tni2i] V= K12, bad been emmployad.
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Frauae 20. Typical Cole-Cole plots of the diefestric data.

to the high-frequency contribution in the room-
temperature Cole-Clole plot for specimen (.80, This
contribution is labeled Aeyyu in figure 20e.  (Justi-
fieation for this identification 1s given below.) The
microwave dats are those near £ =2.35. The mapg-
nitude of Aeerms Was calculated from the Cole-Cole
plots for the other specimens at various temperatures
a8 the difference ¢ —e,, (3ee fig. 20b). Here ¢ is the
vulye of ¢ at which a cireular sre, which fits the
data for the “low-temperature” or the main loss
peak over the major part of its range, intercepts the
abscissa on the high-lrequency side. The value of
£, Was det.ermined%mm eq (10).  In all cases except
the room-temmperature date of specimen 0.80, where
microwave data revealad the resolved process,
Abyryarsr manifested itsclf simply as a ‘‘tail’”’ or asym-
metry on the high-l'regutnc_‘,r gide of the main are.
(Sea data at 100 °C for x=044 in fig. 20b).
Ateryargy Ques 104 inelude the small crystal contribu-
tion of the high-temperature process.

The contribution of Aeypea t0 V {6,— €.} obtained
in the above manner for the various spacimens ja
shown in figure 22 over the tempersture range
where the detarmination is consid relisbla, The
behavior of VAtpmsg With temperature is in all
cases thai typical of a eryatalline phase which is
hecoming moere disorderad with increasing temper-
ature, Le., #VienualfdT iz positive, Further-
more, the value of VAegu,, for any specimen is
directly proportional to the degree of crystallinity to
within the experimental error. The walue of
Vaepas extrapolated to the pure crystal is slse
shown in figure 22.

We therefora conclude that the very high-fre-

uency proceae shown in the 23 °C o7 versus log f
g&ta of fisure 2, and which E’v&s rise 0 Afypa O
the (lole-Cole plots, is 8 bulk eryatal property, and
further, that the increase in ¥V (—e) uptn crys-
tallizing & specimen from the melt is due chiefly to
the dipole orientation polarization of the crystals
formed. The contribution meu. may not be

A5 T r

SRPECIMEN .12

o I 1 I 1
~BQ o 30 oo 1=

TEMPERATLRE, "¢
Freure 31. The famperature dependence of Vie,—ew) (P, Vo
Jor the various spegintens.
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The_curves indicate Fhak (Vieemeat) b dires sl to w, and Jnstifes
Identifring the cormespending Pelaxatiomal & &9 a Hulk property of
bbrt crydinllita P,

the anle crystal contribution to ¥V (e—c¢.), but it
certainly 13 hy far the largest one at most
temperabures.

The work of Reynolds and coworkers [1] on the
dielectric properties of low molecnlar weight PCTFE
{mol wt=§80) lends support to our finding that the
cryetals of PCTFE exhibit strong dipolar orientation

L=
\
|
]
1

L
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polarization and that this eryetal polarization leads
to a high-frequency “tail”’ or asymmetry in the data
on & Cole-Cola plot. These authors were able to
ohzerve n relaxation peak in the f]nmea liguid phase
ubove the crystal melting point of their low molee-
wlar weight polymer. a ColeCole plot, these
data gave a regular circular arc with ne evidence of
a high-frequency ““tail.” Upon eooling the specimen
and allowing crystale to form, the wvalne of tha
static diclectric constant rose to surprisingly high
values (o, =3). Furthermore, tha dielactrie data
taken with the erystals in the svstem wielded a
Cole-Cole plot with a sizenbla “tail” or asymmetry
on_the high-frequency side.

From the standpoint of the ¢ versus 7 plots at
1 ¢fs, the crystal polarization found above does not
lead te a loss peak in the observed temperaturs
range. [ts critical freguency even at 23 °C is
around 10 ¢fs, and this crtical frequency almost
cartainly does not fall near 1 ¢fs even at —50 °C.
The crystal relaxation peak on an < versus T plot
at 1 ¢fs would probably appear in the peneral vicinity
of —100 °C or below, and be quite small because of
the greatly diminished valuc of Aepug 8t such low
temperatures (see fig. 23]

Tf:c crystal polarization process is somewhat
unmsysl in two respecta.  Firat, the relexation time
associated with it is extremely short (r~10" zec at
2% °C, indicative of a low free anergy of activation,
and second, the polarization iz rather strong, in-
creasing to & value comparable to that of the normal
liguid just below the melting point. Molecular
reorientation of simple polar chain molecules about
the long molecular axiz leading 0 dislectnic polan-
zation and loss is a well known phenomenon [25, 28],
hut a rotation en dloc of ].a.r%;a gections of the polymer
chein of this type is probably not the scle cause of
the high-frequency process in PCTFE. In a nigid
single-axis rotator, only the component of the dipole
moment perpendicular t0 the chain axis contributes
to the orentation polarization, The chain of
POTFE is believed to posaeas & apiral twist [27]
with a repeat distance ul; roughly 15 A. Whather
the chain be syndiotactic or isotactic, this structure
neceagitates that the resultant dipele moment of a
long section of chain {regurded as being rigid) would
have only a wery amall component normal to the
chain wxis due to vectorial cancellation. The “rigid
rod” model with spiral twist thus does not seem
eapable of explaining the high pelurization obzerved,
even if free intermolecular rotation sbout the long
axis is assumed. Also, such a model would probably
tend” to suggest u longer relaxation time then 18
found expernnentally. The latter is especially the
ease wheta chain folds exist at the ends of the chain
elementa, (In POTFE crystallized at 1580 °C the
lamellae are roughly 3080 A thick [28].)

One possible explanation of the high polarization
and the short relaxation time iz that the electric
field distorts individual sections of the spirally
twisted chain in the crysial, cansing a local un-
twisting that lends to a large local dipole moment
which then gives rize to dipolar polarization. The
energy aml geomnetry of one particular type of local

unceiling of a helical chain is a erystal has been
considered by Renaker [29] in terms of point defects.
He has concluded in the case of the polyoxymeth-
¥lene ¢hain, which hus a apiral twist superimposed on
a larger hefix, that the local unceiling of the larger
helix would have a low energy of activation {about
2 keal/mola}, since such local uncolling can be we-
comphshed with only a slight disruption of the
sucrounding Inttice. It is not clear whether this
particular type of uncoiling could occur in PCTYE,
gince & detalled knowledge of the siructure iz lacking.
Neverthaless, asome type of local uncoiling or un-
twisting of the poulvmer chain seems the best possi-
hility te explain the magnitnde and rapidity of the
dipolar polsrization observed for the crystalline
phasze. The increase in dipolar polarization with
Increasing temperature gbserved in PCTFE is con-
sistent with this sugrestion.

Il the sbove proposal is correct, ane would expect
that other polymers with spirally twisted molecules
might exhibit a high-lrequency crystal relaxation.
For example, crystalline polyoxymethylene may
prove to exhihit a high-frequency crystal relaxation
process similar to that found m PCTFE in the
ICTOWAYE ['E':g]ﬂ'l'l.

4.3, The Low-Temperalurs Relazation Procesa
The (requetcy dependence of the low-temperature

ralaxation proeess in specimens of various crystal-
linities and at variows temperatures has boen pre-
sented in figures 2, 7, 10, and 12. This loss process
is from g dislectric standpeint the most prominent

in POCTFE, and lceds to the large low-temperature
peak when the date are plotted on an ¢ versus
temperature plot as shown in figure 16a.

An estimate of the eontribution of this low-
tetnpeorature process (0 {F.ie can be established by
dealing with the results obtained from the Cole-Clole
plots such as those in figure 20, If VAeyy,,, (fig. 22}
iz subtracted from the value of V {(e,—e.) (fig. 21)
for each of the epecimens, the curves shown in figure
23a are obtained. These curves represent the sum
of the contributions of the low-, intermediate-, and
high-temperature processes to {F,},. The dashed
lino inarked “x=0 exfrapolated” rapresents an esti-
mate of tha behavier of the pure normal amorphous
phase. This is based both npon an extrapolation of
the high-temperatura pura liquid points, and the
curve tor specimen .12 at lower temperatures, The
behavior of the hypothetical pure amorphous phase
of PUTFE depicted by thiz dashed line festvres a
maximum between 50 and 100 (! which is readily
apperent even in the .44 (58 percent amorphous)
specimen. (It should ba racelled that direet tocas-
uretnent of the dielectric properties of a complately
amerphons epecimen wonld ]t])e impossible between
ahout 50 and 200 °C becwus> rapid crystallization
would oecur).

If from the Cole-Cole plote one estimntos the
magnitude of the contribution of the high- and inkor-
mediate-temperature progesscs to Vieg—e,) and
subtracts thie contribution {ghown m fig. 23b} from
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the appropriste curves of figure 24a, then one
obtains the eurves shown in figure 23c.

The_curves in figure 23c represent the contribu-
tion, Vier, of the low temperature processz in the
varioua epecimens to {P.y. The y=0 dashed line
represents our hest cstitnate of the contribution of
the low-temperature process in the pure normal
amorphous phase to {(Pohe At low temperatures,
this lino i3 based on a simple extrapolation of the
x=0.12 data. The general oppeardnce o x=0
fine wn figure BSe between —80 end 4150 °C leaves
fittle doubt that ¢ ictolly emorphous specimen of
POTFE would exhibit & prominent lowfemperature
process effect. The y=044, %=0.12, and x=0
(extrapolated) lines clearly indicate that some type
of dielectrically active molecular motions exist in
the amorphous phase of the polymer far below the
ordinary glaes transition at 7,=52 °C.

Tha line indicated as y—1 Eﬂnmpﬂlated} in figurs
23¢ will he diseussed subsequently.

Further evidence can be éited that shows that the
amorphous phase makes s large confribytion to the
low-temperature offect. The low-temperature proc-
33 gIves rise to the main broad arc of width Aegp
when the dielectric data are placed on a Cole-Cole

lot, s shown in fizure 20,  As mentioned earlier,

evnolds and eeworkers [1] obtained similar Cole-
Cole plots of their data on low molecular weight
PCTFE waxes, Their work supports our belief that
the amorphous phase makes a large contribution to
the low-temperature process, ‘Their ColeCole plot
for the pure liquid phase consists of a simple arc.
The arc component persists also in their semierystal-
lina epecimens measured at lower temperatures,
Furthermore, their log fn versus 1/T plot {derived
frotn the loss peaks which gives rise to the arc in the
Cole-Cola plot for the ssmicryetalline specimen)
givez a straight lina that passes throygh 5’13 int
obtained from the loss data of the pura liquid nﬁve
the melting point, This demonstrates that the low-
temperature process ig controlled chiefly by molecu-
lar motions in the amorphous phase of low melecular
W‘e.ltiht PCTFE. The apEarent heat of nctivation
of the relaxation process they observed was 19 keal/
mole, which is quite similar to the value of 17,4 keal/
mole obtained by us for the low—t.emPerature process
as extrapolated to y=0 (zco below) 1

a. Efect of Crystallizabon oo the Low-Tempeystore Procsm.
Anomalouz Beharier at High Crystoilinity

) Thg‘fr:incipa] seat of the low-temperaturs proesas
m maderate or weakly cryatelline specimens haa
beon clearly established sbove as the amorphous
component., The objective of this gection is to indi-
cate the nature of the complications introduced into
the low-temperature offact E}f high cryatallinity.
One maniiestation of the effeet of crystsllinity on
the low-temperature process is & Inrge shift va the

" Ra a0d eoworkers tentstively ammolatez] tw &re portlon of the Cola-
Cobe ploi ta the ¢rystaks, but we helicva the revissd interpretstlon given sbore
[& the cormect ome.  There is howewer, agreement oo the gensra) Tast that (he
cryaals contribate to the dlpalar polarisation,

Lot gy -ty
E 0% W w i
1 1 L] T T

(b1 Wey o 1)
Lt

B
R

2 [{EXTRAAPOLATER

j Ts ;Tm

- b 0 0 T ]
TEMPERATIIRE '

Frovee 23. Reolutfon of fhe componenis of the dipolar
eortrbuttony fo Vie— o) 2=(P .
& The total valitn Via—dem} Jet ¥ha crystal contelbobion, Vo,
T, The conidlbbion of e higb- nod intermedistetomnperature processes Lo
Fin—4o).
¢. ‘The conbribullon of the low-femperstors proceasess b Vig=rm).

raaximums witk x in the x tan & {mechanical) and ¢*
(dielectrie) versus T plots shown in figure 16. The
temperature of the maximum, Fp,., of the low-tem-
porature process &t 1 ¢/sis given in table 9§ as a fune-
tion of %. It is ssen that there j= & cloze correspond-
ence batween Tn,, in the dielectric and mechanical
capes, and that Tp,. falls as x incresses. Bj,l'] a
simpfe thra‘g}olatiun, it is re&dilg estimated that
Tax 18 —10 °C for x—0 snd —4a5 *C for y—1.
Correspondingly, figuro 17 shows thet in the tem-
perature interval from 9 to 450 °C! the frequency of
the maximum of the low-temperaturs process, at
constant temperaturs, increases as x Increaces,
Mikhailov [3] has obsarved s similar shift.

s I figure 17 the sminll chatige of sbosse I the log fu ersis 1T plol of the lor-
temperators prooess near 50 *C 18 protably ubribué.%‘la ta aemu:u:ﬂr]r effecis oon-
neated with the plas trancithon. " Abowve 75 °C, hawsewer, the maximom e in
tho oo Inuetwrmie Getaelar Wdmureent mbge S bbal the sppambl chagh
in 2lope could posslbdy arlea trom error In Jocating fa.
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The activation energy for the low-temperature
diclectric procesa shows a slight depandence of y, as
indicated in tabla 8 Tha activation energy ia
larger for the case x—0 (AH*=17.4 keal/mole) than
for the cage x—1 {AH*=13.5 keal/mola).

Perhaps the mosi obvious manifestation of the
effect of crystallinity on the low-temperatura process
is the excess polarization denoted hy the dashed line
marked x=1 (extrapolated} in figure 23(c). The
impiieation is that the abnormality resides mostly in
the highly crystallina specimens. The fact thai
x=1 (extrapolated line) is well above the abacissa
i8 not & result of an accumulation of experimental
errors, In figura 24, it is readily apparent that the
high-frequency erystal relaxation ia widely separated
from the main loes peak at 23 °). The ares under
the main loss peak in Agure 24 {(as extrapolated to

%=1} leads to the anomalons contribution to Ve,
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Froupe 24, Comparicon of ' and " versus frequency ctrtes
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‘The largs losa peak near 1P of2 s e ko the low-tempersters mechanlsm, The
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at y=1 {exirapolated) shown in figure 230 Tt
follows that the high-frequency crystal relaxation
process 18 nof responsible for the anomalous eontri-
bution to the low-tomperature process at high x.

It iz of importance to indicate that a sumil
pnomaly does not oceur, at least in such pronounced
form, in all semierystalline polymers, In & gimilar
analysis of the low-temperature process in polyvinyl
alcohol (PVA), Ishida, Takada, and Takavanagi [30]
found that 6, —e_ dcpnnded linearly on the fraction
of amorphove materal between x=10.37 and 0.58,
and extrapolated to zero for x—1. Thi= erystalline
polymer is atactic, and the dipoles in the extended
chain configuration are nat spirally arranged about
the earbon chain axis as in PCTFE.

No compietely satisiactory explanation of the ori-

gin of the snomalous contribution (o VAer at high
X in PCTFE huns been found. It could be due to a
heretofore hidden contribution of the crystals. If
80, the crystals would have to be highly disordered,

sand give a contribution to Ve that iz nonlinear
with x. Clonceivably, the erystal phase involved
may be o bundlelike {non-folded} one, consisting of
shorter chains segregated out as the chain-folded
lamellae form [rom the longer molecules. Alterna-

tively, the anomalous eontribution of Viaege for x—1
may be an abnormality induced into the amorphous
phase by the presence of a large fraction of lamellar
crystals. The present data nre incapable of clearly
indicating which, if any, of these explanations 15
correct.

None of the interesting peenliarities exhibited by
the highly crystalline ]§CPTFE gpecimens at low
temperatures detract from ithe concept that the
low-temperature process in its unperturbed form is
basteally & property of the amorphous component
of the polymer.

b. Watnre of the Molecular Mechanizm

The overall heat of activation, AE*, of the low-
temperatiure procese, according to table 8, centers
aroutid 15.8 kealfmole. For the ecase x—, it is
17.4 kealfmole, Furthermore, this value is essen-
tially independent of tetnpersture. Both the low
value of * and its insensitivity t0 temperature
indicate that the responsible molecular motion
corresponds  to dipole orientation over a falrly
sitmple barrier syatem. It seems clear that only a
relatively small number of chain segments can be
directly involved. A kinking or “jump rope”
motion in the amworphoua phase involving but &
few chain segments would suffice to explain the
effects noted experimentally. The activation bar-
vier that the dipoles involved must surmount in
order to orient would in this casc originate partly
from hindered rotation in the chain it.aclf‘,) and
I}nrtly from hindrances due to nearest neighbors.

he large contribution to {(F.}a by the low-ten-
perature mechanism is consistent with the proposed
type of motion in a molccule with dipoles rigidly
atiached at a right angle to the main chain backbone.

1+ The merhanical kias dats In figure 16 aken indicate thal ceirapokatbon to gl
will Dot remgve the Jow.Lamperatire pebk,
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o The low-Temparamre Process ond the Glam Trondtion

The observation that the low-temperature process
in PCTFE is mainly a result of motions in the
amorphous (glassy] phase is especially significant
in vicw of the fact that it shows that rapid melecular
motions persist far below the usual glass transition
at T,=52 °C. This cannot possibly be aseribed to
%ggllnenden{‘lﬁ' rotatable side proups in the case of

FE. o results obtained here clearly impl
that the purely amorphous phase of a polymer witﬂ
dipoles rigidly attached at a right aogle to the main
chain backbone exhibit a himodal set of relaxation
timea. The long set “lreezcs out” at 1 ¢fs above
T, and must involve comnplex long-range motions
of sizeabla parts of the molecules {intermediate-
t-emgemture process). The shorter set freezes out
far belew ¥, at 1 efs, snd corresponds to a simpler
motion in‘lmiving & much smaller number of chain

ents {low-temperature process). These two
azation processse (or loss peaks) themeelves ave
not properly termed “transitions,” and we have
avoided this uzage. However, some type of transi-
tion may underlie one or both of the relaxation
effects,

The intermediate-termperature process foretells
the transition supercooled liquid—plassy state at
¥,=>52 °C. In eome respecte, the low-temperatore
process in & largely amorphous specimen may be
regarded as denoting the onset of a “transition™
within the glassy state. Howcver, it is not known
from the present work whether the “freezing out”
of the low-temperature process would lead to a

break in the V—T ¢urve similar in genersl character
to that at =52 °C sssociated with the intermedi-
ate-temparature process. Extrapolation of the log
Jm varsus 1T llzrt for specimen 0.12 ffiz. 17) to
001 efs gives I'=—80 °C. Interestingly, Bacca-
redda and Butiga [31] have found a brcaj; i their
sounsl velocity versue temperature data on PCTFE
at —5% °C {as well as at +48 °C) in & 51 percent
crystalline specimen. Such breaks in sound-velocity
data often occur at the same temperatura as breaks

in V-7 data or specific heat data.

4.4, Maxwell-Wagner Polarization

Before giving the summary of the interpretation,
it will be shown that none of the relaxation effects
observed were due to Maxwell-Wagner polarization.

Reynelds and coworkers [1] suggested that since
semicrystslline PCTFE consizts of & two-phase
system, some of the observed relaxation effects may
have - resulted [rom Maxwell-Wagner polarization.
Nakajima and Saito [6] rejected this mechanism
on the grounds that the observed d-e conductivity
of neither phase iz large enough to give any affect
in their measurement region., ‘ginca the present work
extends the measurements on the twe phase system
ugﬁtc 200 °C), wheve higher d-¢ eonductivities wera
chserved, it ia necessary to reinspect the preblem.
incresses as the apecimen iz

the crystals as non-
ded in a semiconducting

Sines the registivit
crystallized, we shall te
conducting regions imb

matrix—the amorphous phase. We shall apply the
equations developed by Wagner [32] to describe the
dielectric properties of a compogition consisting of a
low soncentration of epheres of one material dis-

eraed through a matrix of socther material.
%agner's equation is applied despite the facts that
{a) we have no assurance that the crystals arve
epherical and, as i# pointed out by Sillars IIE::IB], the
crystal shape can alter the results appreciably, (b}
wa are extending it to a much hicher concentration
of apherea than %Vﬂgner visuslized. Wagner's aqua-
tion predicts s Debye-type loss penk l;%aar the d-c
conductivity effect is gtﬁamteg out]. The peak
haz a relaxation time r and an associated change in
dielectric constant, Ae given by

_Bes’n

e an
! 3g{l—g)s’
. q _q ' .

RENCET L 12

Here ¢ is assumed to be nearly the’same for the two
Phases, p is the resistivity of the amorphous matrix
mm ohm-em, g is the wolume fraction of crystals
{geex). From the obwerved!resietivity of the speci-
men, p,, the resiativity of the matrix, p,"can bs com-
puted from the equation [32),4

_ 21—

At 200 ®*C, p, for specimen 0.80 was 7¢ 10 chm-em.
Therefore, p is about 2.5x10*® ohm-em. Sub-
stituting into eqs {11} and (12) we find r="780 sec
and Ae=0.3. A Debye-type loss peak iz therelore
predicted at a frequency of about 23X 1074 ¢/s, with &
peak height of 0.15. A relaxation process of this
natura would not detectsbly affect the data even at
0.1 cfs. Therefore, Maxwell-Wagner polarization
iz not rezponsible for tha relaxation processes occuring
at higher frequencies or at Jower temperatures. In
only one case was an appreciable condyctivity effect
noted in a erystalline specimen after the measured
d-¢ eontribution to ¢ bad been subiracted. In the
176 and 200 °C deia for specimen (.30 shown in
figure 6, a large ypswing is seen in ¢ at the lowest
frequancies. This was identified as being prinsipally
a eonductivity effect and was not taken as indicatin
& itrue relaxatiocn mechanism., In any event, this
conductivity does not lead, through the Maxwell-
Wagner effect, to the loss peaks at higher frequencies
shown in .

If the crystals are assumed to be ellipscids with a
high axial ratio {correspondiog clectricelly t¢ indi-
vidual lamellac) the proposed Maxwell-Wagner
effect would occur at a fregnency still lower than that
caleulated using the apherical approximation.

Equation {11) shows that r is proportional to p,
tha resistivity of the amorphous matrix. In this
connection, it is of mterest to note that the resis-
tivity of & specimen dearenses congiderably while the

¥ Tha & p]imtu:‘litdy of Ihe sguation ;.-mqmrm—ﬁ} to tha present gittnstlon
wad ronghly checked,  Crymtalliziog L secimest of POTFE ab 300 °0 b0 & dapse

ol ¢rysialinity nesre 067 remulled In sn incresse in the reslslvity to 2.7 timea the
wihae of the 1iquid {pe=93,Te}. Equation {13} with qe=D.57, predicta o= (2,060,
which ko in ressonable ngreement with tha experlisngal yhaeration,
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specimen is maintgined near or ghove 200 °C. If
thermal degradation (or indeed uny other mech-
um=in; reduces the resistivity sufficiantly, the pre-
dicted Maxwell-Wagner peak will move sufficiently
far into the messprable frequency spectrum to com-
hine with or mask the trus relazation peaks. This
did not occur in the present study.

4.5, Summary of [nterpratation

In the main, the high-, intermediate-, and low-
temperagture processes yncovered in PCTFE are
eondistant with an emerging pattern of the dielactric
and mechanical behavior of semicrystalline polymers
.whose cheins possess no independently rotatable sida
groups. A summary giving the impertant resulie
concsrning these mechanising i5 given in table 10.

It is vseful at this point to mention the noemen-
clature used by certain other authors in desling with
tho specific mechanisms and phases involved in these
three effects. Tukayanaegi calls the resolved high-
temperature process in polyathylene, polyoxymeth-
¥lene, and isotactie po]yllamp:,rlene o, and
attributes it to the effert of chain-folded lamellar
strueturee [17, 18] as we have shown in the cage of
PCTFE. The resolved intermediate temperature
]i‘mcess in tha sama polymers is denoted “a,” by

aknyanagl, and attributed to relaxations in the amor-
phous phasa, as shown here for PCTFE. The
gresent work on POTFE establichea a ¢lear relation
ciween the relaxation effects associated with the

intermediate-temperature process and the ¥— 7 glass
transition at ZF,—=52 ‘%. The low-tempernture
process is called the 87 process in comparable
polymers by Takayanagi. ’lli'ua pragsent work shows
that it is E%'mc:ipally a result of the amorphous phage
in PCTFE. On no account should the low-tem-
perature process in the amorphous phase of the type
of pelymers mentioned above, whichk have no in-
dependently rotatabie side groups, be confused with
the relaxation effect that occurs in the amorphous
phasa of golymem that possess independently
rotatable side groups, such as poly{mecthy] matha-
crylate). This latter effect is also often called
“g [34, 35], but is to be distinguished from the
“g" process in polvmaers without rotatable side
EToups.

The present work on POCTFE provides insight into
the elrcumstances that allow the intermediate and
hlf]] tempersture processes Lo appesr a8 two re-
solved peaks on the one haod, and as one “mized”
pesk on the other, Two resolved dielectric loss

eaks appeer in specimens of high x erystallized
rom” the malt that contain well-formed lameollar
spherulites; a single “‘mixed” dialectric peak appears
in a0 squally cryztalline specimen crystallized with-
it large well-formed spherulites prepared by the
quench—enneal technique. Another interesting
point clearly hrought out by the work on POTFE =
that increasing the degrea of erystallinity does not
actually lead to a large true increase of T, as meas-
ured by the V—T method or by mechanical loss
measyretnents. The apparent increasze of T, itnplied
by the dielectric data 15 & Tesult of mixing and in-

TaBLE 10, Sustmary of reaulis of analyeie of dipoler refazaiion
and pofersatton effects o semioryalalfiine POTFE
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tensity factors. There is no reason to suppose that
a phase clearly indentifiabie as basically amerphous
does not enst in semicrystalling specimens  of
POTFE even at high .
The fact that die?ﬂctrica]ly active relaxation effects
are observed both above and below the nominal
transition temperature in the amorphous phase
mmplies that a flexible night-sngle dipole polymer
liguid (with no independently rotatable side groups)
cah possess a bimodal distribution of relaxation
times. The longer time sat “freezes out,” near or
above Ty, depending upon the frequency, and con-
gists of complex modes of relaxstion lnvolving a
large number of polymer segments. The shorter
time set involves more simple und localized motions
which persist at temperatures far below T,=52 °C
in tha ease of PCTFE.®
An interesting and unususl feature of the present
work on PCTF%EJ is the [ of the existence and
description of o lurge bulk crystal polarization effect
asgociated with a wvery fast dipolar reorientation
process. The loss process is so rapid that the
corresponding maximum on an ' vorsus log { plot
i# not quite reached even at 5.6 kMe/s at 23 °C.
Enain Gl Secl e b et Do S ool it og Mgt 1o . the. I
teqm peratore procesy mMay b or moved [0 higher tempoeratomex. In
Byl & oo, (he Jow.bataperatur and the intermedlabe-temperatnrs

prOLeE
proceed might iorge wod besomoe iodistinpubbeatde. However, thiz 3id nob
ooaur in P&TFB o tha otber semloryztalline polymers mentloned abave,
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Thie processe may appesr in other semicrystalline
polymers in the microwsve region. No large losa
peak on an ¢’ versus T plot at a fixed frequency dus
to this process was uncovered.

Maxwell-Wagner polarization iz incapable of
causing sny of the loss peaks discussed.

5. Appendix. Miciometer Specimen Holder,
Measurement Techniques, and Accuracy
of Results for 0.01 cfa to 10 Mc/s

5.1. Inttoducton

During the course of our investipation of the
dielectric properties of PCTFE and other poly-
merie materials, & number of proklems relating to
apparatus and rmessyrement technigoes were en-
countered and solved. Doubtless many of these
problems were noted and adequately dealt with in
voricus ways hy other investigators, but the fact
remains that such useful details are rarely published.
The object of appendixes 5, 6, and 7 is to give an
arcount of the experimental details in a form that
will provide maximuni usefulness to workers dealin
with other avastems, and which at the same time dca]%
specifically with the measurements on the PCTFE
specimens used in this research.

In this appendix, the following items are covered:

{a) The construction of the micrometer specimen
holder ueed to make dielactric measurementa on
rigid disk specimens between 0.01 cfs to 10 Me/s,
and at temperatures ranging from —40 to 4500 °C,
{Descriptions of the two bridges and the {emeter
nzed with this sperimen holder are given in appendiz
6.)

(ki Methods used to compute ¢ and ¢’ for rigid
dizk specimens, such as PC 0.80, 0.73, and (.44,
in the micrometer specimen holder.

{c) Analysie of aceuracy of results on rigid disk
specimens.

{d} Addition of a rd ring to the specimen
holder, and the use of this device to measurs & and
for deformable materials snch as tha liguid specimen
of POFFE, 0.0. Alse given are details of the experi-
mental procedurs, methods of caleulation of results,
and an analysia of the accuracy.

ie}) Modifications of technique used to obtain ¢
and ¢’ for thin Alms fsuch as %CTFE 0.12) with the
micrometer holder. TIncluded here is a special analy-
pis of the effect of surface irregularities in the film,
and the effect of surface alactrodea.

8.2, Micrometsr Specimen Holder
@t. Dexign Reqairemsnts
Most of the electrical messurements were made
uzing a two-terninal sample holder which had been
designed for use at temperatorea from about —40
to +8500 *C.* The substitution method was em-
ployed. The holder wns designed so that it would
bhave the {ollowing features: (s) Low diffarential
tharmal expansion so that there is & minimum of
warping in the holder, and so that the spacing be-
nThe g &) QonsUruetion of this balder wes perkrtiesd 21 @ part af the

Teseareh praject 4t high-tem ure-resistant pelymers sponsored by the Ovd.
munee Corpa, [epartment of Fhe Army.

tween the electrodes can be readily measured at all
temperatures. {b) Low dielectric loss in the holder
at all temperatures. (e} A means of controlling and
accuratcly measuring the spacing between the elec-
trodes. {d} A tneans of reproducibly connecting and
disconnecting the holder from the two-terminal meas-
uring eircuit. (o) Series resistance and inductance
should be sufficiently low that tha holder may be
relisbly operated up to 10 Mefs. A slicht modifi-
cation described later by which the holder may be
operated in o three-terminel manuer makes it possible
to extend the frequency at the lower end to 0.01 ¢fs
using & three-terminal low-{requency bridgze [5).
b. Description of Holder

The holder was designed aecording to the prinei-
ples given by Hartshorn [36)], whizﬁ eliminate the
edge capacitance from the determination of capaci-
tunice, and which is A modification of the holder
deseribed by Baker [37]. The design 1z such that
the electrodes can be placed in 2 furnace with con-
trolz for separating Lﬁe electrodes and messuring
the spacing between them outside the heated space,
A view ol this holder iz given n figura 25. A
schematic dingram of the holder is given in figure 28,

The upper electrode, €, is uttached to a movable
frame consisting of three metal rods, a eeramic disk
at the top, and two brass plates, all elamped together
to form a rigid framew-}rﬁ. This framework moves
only in s vertical direction guided by six guide
wheels, O, which can also bae adjusted to center the
two electrodes. ‘The wheels are attached to a fixed
framework of rods and clamping plates. This fized
framework is rigidl atta.cﬁed to the supporting
transite plate, F, and supports the silver bage plate,
E. The vortical pogition of the movable frame and
electrode is eontrolled by the thumb not, E. The
posibion of the movable frame and electrode with
respect to the fixed framework iz measured by a
micromater screw, L. A pulley and counterweight
gystem has beon mnstallad Jr)mt. shown) which reduces
the compressive foree which the movable upper
electrode and framework apply to the specimen when
resting om it.

Tha movable electrode is electrically connectad by
n silver wire to the silver base plate, E, and thus to
the ztainless steel tube which forms the groomded
termsinal of the holder. For three-terminal opera-
tion with the low-frequency bridge this wire is
disconnacted from the movable elactrode.  Electrical
contact betwesn the electrode and the appropnato
terminal of the low-freqnency bridge [5] i eatablished
by plunging & brass rod tipped with a phosphor-
hronze spring contaetor downward through the oven
into the hole in the upper electrode ordinarily con-
taining o thermocouple. Eleectrical insulation be-
tween the upper movable clectrode and ground is
provided by the ceramie disk supporting the elee-
trode. For operation st Lempevatures above 150
*(C it was found desirable to place thin miea washers
betwean all metal to ceramic contacts in order to
incranse the resistance te ground from the movable
electrode.

The lower glectrode, I, i=s mountad on a rod, M,
that is held concentric with the thin-walled tube
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which is welded to the silver base plate, E. The | lowered over the electrodes to form a complete
rod is axially centered and insulated by two Teflon | electrostatic shield. Tte high thermal conductivity
disks * (see P, fig. 27). Vertical su port is provided | helps to maintain uniform temperature in the holder.
through three small fused silica rods, U, which pass Low differential expansion was obtained by con-
through the upper Teflon disk. The rod and tube | structing from the same material all members ex-
serve as terminals for the holder, and eonnection is | posed to heat whose expansion contributes to verti-
made to the measuring instruments by means of | eal motion of the electrodes. Thus, the vertical
rigid concentrie leads, J. The silver cover, B, iz | rods, electrodes, and thin-walled tube are made from
T stainless steel. Stainless steel has a relatively low
thermal conductivity, which is a desirable feature in

# Polytetrafluoroethylene, a prodoct of E, I. DuPond de Nemonrs Ca,,
Inc,

Fiourge 25. Photograph of the specimen holder with the_oven, TFroure 26. Schemafic of the specimen holder (nof drawn fo

A, and the silver cover, B, raised. acale),
A = Oylindrienl oven L =M jeramneber serew
B = 8ilver cover of holder case M =Zupport rod for insulaled lectrode
C=Movabde electrode N ="Thin-wallad tubing
Dr=Fixed, insglnted eleetoode 0 = i wless]
E=2ilver hige of halder case I'="Teflan support wiers
F=Transite support and base for oven Q= Hod of movabie frame
Ui=Clamping plate for movable Irame R =Flexible silver wira
1 —1:'1:Jrl:li:-illg plate for fixed frame 2= 8rnull tube to permit inserton al I:!IEF][ID:DIJ]}IH
I =8witch T = Heater colls
J = Coaxlal leads 7 = Fuesaed silien rods
K =Nut lor supporling movalde frarme V= [hzk specimen in measuring position
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those parts of the holder which extend outside tha
electroda ares. The differential expansion was da-
termined by noting the micrometer reading at each
temperaturs with the elsctrodes tﬂ&ether. These
values were uscd as corrections to the micremeter
fgarg” at the appropriate temperature. A furthar
correction was made to compensate for the expansion
of the segment of support rod which enters the
hested area when the electrodes arc separated.

Ezxpansion of the rnovable framework perpendie-
ular to the axiz of the electrodes was nearly elimi-
nated by making the top plate of the movable
framework from Stupalith® ceramic, which had a
vary low coefficient of thermal expansion. Thae
other horizontal plates of the mowvable framework
aro ontside the heated space. As a result, the
warping of the holder is negligible.

Spring washers were placed on the underside of
the Stupalith disk so that it woes firmly presscd
ainst the upper nut of each of the vertical rods,
regurdless of the difference in expansion between the
rods and the Stupalith. The shoulder of tha uppar
alectrode which was pressed againet the Stupalith
disk, was made large in order to =zeat the movable
electrode firmly to the dizk.

Low dielectric loss in the holder was achieved by
using Teflon disks to insulate the high-potential
electrode, and locating the disks cutside of the oven.
Becauvse of thermal conduction in the tube and the
rod, M, the upper insulating disk becomnes heated
to & temperattire approasching 200 °C when the
oven is ab 500 °C. The elsctrical properties of
Teflon remain sufficiently constant up to this tem-
perature so that the heating of the Teflon disk had
no effect on the operation of tha holder, At 1 kefs,
over tho entics teraperature range, this holder has a
loss tangent lower than the two-terminal variabla
air capacitor in the Schering bridge.

For operation above room temperature, heat is
supplied by the oven, A, and the suxiliary heater,
T. Tho suxilinry hoater T 13 wound on a ceramic
tube about 2 in. in diameter. A thermocouple
attached to the eilver base plate, E, i6 the sensing
alement to control the current in the suxiliary
heater T. After some experimentation, the correct
settings of the control tempersture and of the
ewrrents in the two heaters can be determined such
that thermal gradients anywhere in the specimen do
not excead 0.3 *C at &n{ temperature up to 500 °C.

The temperature of the specirmnen is mensured by
& thermocouple located st the bottorn of a hole
drillad. down the center of the upper electrode to
within 1 rom of the lower surfaca. The thermo-
couple is inserted through the top of the oven, A,
into this hola. The porcelain tuhe containing the
thermocouple can be seen in figure 25 extending out
of the hole.

A refrigerated head {not shown} re]glaces the oven,
A, for operation down to about —40 *{. (By pack-
ing dry ice around the silver can, B, lower {empers-
tires can be achieved, but the temperature control
problem is then sotnewhat teoublesome.) Tempera-

H Bjupaljih 2417, a product of Btopakel Ceramic Menametiring Co.

tured hetween —40 and 0 °C are attained by aupply -
ing heat through a disk-shaped heater slement (not
shown) which rests on top of the silver can, B. A
gontrol thermocouple is wl=o located in B near this
heater. A flow of dried nitrogen gas iz meintained
in the helder to prevent the condensation of moistura
at low temperatures, and to inhibit ozidation at all
temperatures.

To spssure acourate capacitence messurements
using the substitution te ni(Lue, a switch, I, was
placed in the coaxial line. This switch consists of
a spring contaet, aitached io the lower end of the
m-dl,, M. The spring switch is so constructed that ita
movable end is normally in contact with & grounded
adjustable screw, projecting from the tubular shield.
The awitch is operated by a thumb screw having s
Teflon tip which pushes the spring inte contact with
the center lead. The “open’ and ' closed’ positions
of the spring arc fixed and highly reproducible thus
assuring negligible ervor in the capacitance determi-
hatlomn.

Though it was uonecessary in the present investi-
gation, the stainless steel elecirodes were electro-
plated to prevont their oxidation when operating in
air near 500 °C, (Such oxidaticn would introduce a
resistanca in series with the specimen.) Gold
plated over nicksl H.Epea,md to be excellent, but with
continued use &t the hlﬁ;h temperatures, tha geld
color slowly disappesred. The surface remalned
sufficiently conducting, however, 30 that no ap-
preciable aiTers were introdueced.

The opposing aurfaces of the elactrodes were lapped
optically flat t0 within a few wavelengtha of light
bhefore they were plated. After being plated they
were again lappad to remove the unsvenness of the
plating. After assembly, the surfaces of the elec-
trodes were made parallal by adjusting the nuts
abova and below the Stupalith disk.

Maodification of this holder to incorporate 5 guard
ring ia discussed in appendix 5.3a.

¢. Praparatirm of Dizk Specimens for Meazuremeant

Specimen stock was carefully selected to be free of
foreign matter snd wvoids. After determination of
the radius r and thickness ¢ of tho disk specimens,
they wera carefully wiped, and cleaned if necessary,
Care was taken to use no materials in cleaning which
sorbed into the specimens. ({In tha case of PCTFE,
warm water with detergent was found entirely
patisfactory.) After mnsing and thoronghly drying,
evaporated pold electrodes wers appliad in eweue,
Encugh gold was applied (rometimes in ssveral
stages) to giva an edge-to-edga resistance of less than
0.2 ohm as measured with point contaets. This
assured that resistance cffects due to the gold coai-
ings would not affect the Joss messurements aven up
to 10 Mc{s. Such evaporated pold eleetrodes ad-
hered well to the specimens, The specimens wara
always flat enough ao that very numerous contacts
hetween the electrodes and the gold specimen coating
were assured when tho specimen was in the holder.

The position of the disk epecitmen, ¥, in the
micremeter holder s shown in fipurs 26, The spaci-
men radive is kept less than the electrode radius by
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an armount 2f, so that the adge capacitance will be

unaffected by the presence of the specimen, and to

assure that the specimen is in the uniform field

regicn.

d. Method of Computing the Dielectric Constant and Loss Index
{Dink Specimens)

In all measurementa of tha Jielectrie sonstant of
PCTFE specimens 0.80, 0.44, and .73 using this
holder, the following method was used to calculate
¢’ [rom the capacitance measurement. (The proce-
dures used for specimen .12 and 0.0 are given in
appendixes 5.4 and 5.3 respectively).

irst, the capacitance of the empty holder, Oy, is
measurad as a function of elecirode separation, iy.
For two-terminal measurements using the General
Radio 716-C bridge or the Boonton {-meter, the ca-
pacitance Cy includes all capacitance beyond the
coaxial switch, In this case, (% consists of the sum of
{; (fixed lead capacitance), €. {direct capacitance
bhetween the electrodes, sepdefiy),® and € {inter-
electrode “edge” capacitance). For three-terminal
measyrements using the low-frequency apparatus 'z
is the sym of , and €. only.

If €, represents the equivalent paralle! capacitance
of the specimen then the dielectric constant ¢ of the
tzaterial can be computed from the ratio /(%
where €, iz the vacuum capucitance of the specimen,
:,A{;‘ (see ag (3)). Assyming €7 and O to be
unchanged by the presence of the specimen, the
capaciteénce measured with the specimen in the holder,
(., may be expressed as the sum of O,+Cx—(,,
where 'y 15 6" wd ftg, the capacitance across that area,
A, of the clectrodes now occupied by the specimen,
but previously ocenpied by dry nitrogen. (EV ith the
elactrodes of the holder in contact with the speeimen,
the electrode separetion &y will in peneral be slightly
larger than the specimen thickness £.) The expros-
sion for ¢ may be written:

s Oy O CakCy_Ci—Cy b C—Cu ™
o A 4 L
(A-1)

The ratio 4ty is always slightly less than unity.
For specimene about 0.2 em thick, t/ig may be about
0.09. This departure {rom unity 18 due to slight sur-
face irregularities resulting from ing or uneven-
ness, and the thickness of the conductive costing
a,pElied to the specimen.

quation (A-1% is apphcable to measurements
made at all temperatures provided the variation of
i (at constant {g) with temperature is known. It
has bean determined that €y varies with temperature
in such & way thut the variation can be ascribed to
the caleplable ehange in electrode aren.

The loss index iz determined for the messured
parallel resistance, R, of the specimen from ihe
equation

' = 1 .

wl, ',

B 4 Bow of dry hilrkgen gac 3 maintamed 0 (ha specimen bolder oo that tha
relative dickeolrs constant of nitrogen, +5, A0pears 0 the expression for O

H The grrer jntrduced 0 eq (A-1) by satdng e equal be ity la coly 0.0

Ty Xhe specimens considered, for which o B2 0mnd firall. e shall teerefors set
ox 2l to untty in the RIeWine discassions,

(A-2)

». Aceuracy of Maasurements of ¢* Jor PCTFE DHsk Specimens
0.80, 0.44, and .73

The following discussion is given in order to deter-
mine hew accurately ¢ may be measured mﬁothﬂ
micrometer holder and techniques deacribed above.
(From eq {4-2) wa gea that the accurscy of ¢ will
be determined primarily by the accuracy with which
F, can be measured. ;ri'hm depends primanly upon
the messuring instrument. The ability of the meas-
uring instruments t0 measure 7, iz discussed in
appendix 6, and estimates of the aceuracy of &7
glven X

Tha accuracy with which ¢ may be determined
depends upon a number of factors, a3 can be seen
from eq (A-1). We shall now rewrite eq (A-1) in
terms of the independent variables involved aod
computa d¢’, the error in ¢, from the eguation

e’ =233 (A-3}

o'
Sﬂ: axy

where the i, are tha independent variables and 32
iz the uncertainty io x,. .

Note that the accurecy of Cir (the capacitance of
the empty helder at separation i} depends upon two
factors—the accuracy with which the messuring
device can messure capacitance, and the ability to
reproducibly set the separation of the electrodes to
tz with the specimen removed. These two effects
may be approximately separated by writing Oy as

_oda

Co=——"+(Cc+C.}. {A—4)

te

Any error n 2y will be reflecied in the tarm endg/le
where Ay is the area of the holder’s electrodes, while
the arror of the capacitance measuring device may be
thought of a3 affeciing the term (C':+ ), which is
epgentially independent of . )

Equation {A-1) may now be rewritten in the form:

(=GO _ AV V.
&= fﬂAB ﬂy A'-’ A!E

The independently measured variables are, V, the
volume of the spacimen; A, the area of the specimen;
E_y], and {Gz—ﬂ';,— G,,}.

(A=)

Bince 5 o
£ [ 3
Y (A-6)
2 1V _, ]
A Altd “ ]
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eq (A—3) becoines:

) 24

1N 28 8O Gy
te) o

. r sV '
be'=¢ v-l—(?e +

G,
Ha)%

where ¢ i3 the dismeter of the specimen.
Since ¥V was determined by the bueoyancy tech-
nique, it is given by

=W1a.lr:_wiiarlr‘.l'

Piwsrer

{A-7)

v

We may write

E=ﬁwmlr]+a'wrfﬂtﬂﬂ 1 ap{wntarl
V Vﬁ{w-uﬂ

{A-8)

Prenter)

The balanee cmployed iz accurate to 0.0001 g, and
the density of water may easily be obtaimed te an
securacy of 000002 glem?®, therefore §W ., =W oren
=0.0001 2 A0 B praepen=000002 gfem?, BMee prwpenn
o] gfem® wa have,

5V _0.0002 cm®

V v
Althongh d could be meazured to 0.0001 em by the
troveling microscope employed, in general the speci-
mens were not perfectly cylindrical. The diameter
of epecimana .80, (.44, and 0.73 variad from point
to point by ss much o 0.001 cm from their respective

averagae values. Accordingly, &f iz 0.001 cmn.

fx can be mepsured using a mieroneter to an acon-
racy of at least 0.0002 em, 30 that My is 0.0002 em.
e can now evaluate the accuracy of messure-
ments of ¢ performed on the specimens whose dimen-
siona are given in tahle 1. Specimens 4.50A and
0.44A are quite similar in physical dimensions so
that rough average vulues may be assigned for the
uabtities necessary to compute & from eq (A-7)
ic'lﬂr these two apecimens. e assigned values are:
=3, i=1g=0.2 cm, A=14.5 cm?, £,=6.3 pf, d=4.3
em, V=2.9 cm’, and for our 2-in.-diam electrodes

+0.00002,

Ap=20 em®. TUsing theae values. eq (A-7) gives
ae'=n,ngl+w- {A-9)

The term §{¢— Cy— ) depends vpon the accuracy
of the bapacitance measorement. 1o the casa of the
low-frequency bridge and the Schering brid
{described later) this is shout (00594 U.ﬂﬂ?pﬁ‘?
3¢’ then becomes

0,01 140,002

5.3 =0.0040.

do'=0.00281-

Thiz uncertainty in the value of ¢ (0,16 percent) is
the maximwn ertor of «. The probable error iz of
gourae armaller, sinee some of the factors may tend to
cancel one other,

If the Q-meter i= employed, the error in the
capacitance measuremnent may be as high as 0.08 pf.
For specimens 0.804 and 0.44A this gives

e’ =L 00201 4-0.0127 =0.016,

correzponding to a maximym error of 0.5 percent in
e Tﬂe Q-meter iz of course less aceurate than the
bridges employed at lower frequencies.

Tﬁe artor Involved in measurements of ¢ on
specimens 0.50B, 0.44B, and 0.73 msay be similarly
culeulated. These specimens have guite similar
phys=ical dimensions.  Assuming that &=3, t=t,=
0.2 cm, A=5 em?, =22 pf, £ =25 em, V=1 an?,
and Ax=20 em®, we have from eq [(A-7),

BHC— =0
&

fe’ =0.00766- {A-10)

Ii the low-frequency bridge or Schering bridege is
employed we have:

3¢ =0.00766-+ -0 00%_ 0116,
I the €-meter is used,
Ga'=01044.

From the above considerations it is apparent that
the data obtained from specimens ﬂ.Sl]i and 0.444
are more accurate than the data from specimens
0.80B, 0.44B, and 0.73. [n this regard we shall now
indicate the frequency range over which dielectric
measyrements were made npon the varions individual
gpecimiens.  Mesaurementa on specimens (.804 and
0.44A were made using the Schering bridge and the
{meter covering the frequency interval from 50 ¢fs
to 10 Mc/s. These specimens were then cut down
in diameter to form 0.80B wod 0.44B, which were
measured nsing the re-entrant ¢avity and the low-
frequency bridge (0.01 to 200 c/a). The valyes of
¢ obtained using the low-frequency bridge on these
specimens hoave a possible error of about 0.4 nt,
85 compared to an error of 0.18 percent in t.ﬁe dats,
taken on gpecimens 0,804 and 0.44A with, the Schar-
ing bridge. Occasional discrepancies between the
two seta of ¢ data were then remedied by shifting the
low-iraquency dats by o constant amount to mateh
that from the Schering bridge in the regicn of over-
lap (50 to 200 ofs), Since both sets of data are
internally eonsistent to much better than 0.1 percent,
then the error in the resulting ¢ values for specimens
0.80 and specimens 0.44 is a%nut. 0.16 percent in the
frequency interval from 0.1 ¢fs to 100 kef/s. From
100 kefs to 10 Mcefa the uncertainty may be as hich
as 0.5 percent.®

W4 detailed comphrisen of kbe o ralues obtained by the bwo-ternnng] methed
for ok apecimeme described here, aod thite:beriolis] diesmirdticnts o0 Specmae
of glmllar i, haa been mads in sur lsboratory oo 3 oumber of matavkals with
TokkleTiba tin oW dislaatelg eotatants, Baveral of thesa had pwoperties racmbiing
POTFE. Thes remilts, carmad out fom 100 ofy b W0 ke's, clenrly show that
tha Lwo- and throo-termins] mwthieds give » valoes the BEree to within

t (ELeTA
% parts jo 1000, the error bedng modom, It i chear fhom chis and simlar 1604
At lower frequencles [B] Bk e reanlts ob e digk apecltwend of PFOTFE s bres
trom tinging efecis
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At all teraperatures the ¢ data obtained on speci-
mens 0.80A and 0.80B under the same experimental
conditions agreed t¢ within 0.01. The data teken
on specimens 0.44A und 0.44B, while showing equaily
go0 aﬁreement at temperatures below 50 °0, de-
viated by as much as 0.027, or about 1 percent at
1158 *C. It is possible that these more amorphous
specimens may have hecome distorted at these
elevated temperatures due to the slight compressive
force of the electrodes.  TIn any event, average values
are given in this temperature region so that the arror
may be as high as about 0.5 parcent.

The accuracy of measurements of ¢ for specimen
0.73 has heen previously discussed. In this case
oceasional mismatehes in & values obtained on the
low-frequency bridge and on the Schering bridge
were remedied by shifting both seta of data to ther
average value in the region of overlapping frequency.
The maximum shift in ¢ required to match the data
at any temperature was 0.004 or about 0.1 pereent,
The mazimum uncertainty was previously caleulated
as aboyt (.4 percent in the frequency interval from
0.1 ¢fa to 100 kefs and about 1.5 percent from 100G
kefa to 10 Me/fs.

Mensurements of the liquid specimen are discussed
in appendix 53, while & detailed consideration of
the accuracy of thin film measyrements iz given
in appendix 5.4.

8.3. Megsurements on Pure Liquid (Specimen 0.0).
Thres-Terminal Modification of Micromater Holder

Above itz melting temperatura (22441 °C, [T])
PCTFE is & very viscous liquid.  Although gross
deformation of the specimen did not take place in
dielectric ieasurements up to 250 *C, there was
pufficient change of the specimen’s area dus to
deformation to cause some doubt as te the sccuracy
of the results obtained wusing the technique of
mensurement ontlined in appendix 5.2.  To remove
this uncertainty in the area, the specimen holder
was equipped with a guard ring. With this arrange-
ment three-terminal measurements were made upon
a specimen of PCTFE {(zpecimen 0.0} whose di-
srneter was greater than thai of the inside diameter
of the gpard ring. Changes in the specimen’s area
became unimportant since the area involved in
computing & was then the equivalent area of the
guarded electrade [38].

a. Holder Modifiootions, Guord Ring

The following iz a brief description of the modi-
fication of the specimen holder, previously discussed
in section 5.1b.

A stuinless steel guard ring was attached to the
movable electrode by four 0.125-in.<liam sapphire
rods which pass horizontally through the guard
ring and into the guarded elecirode at 90° intervals.
The sapphire rods were fitted tightly into carefully
ma.ﬂhinag holes and held the gu ring in place
with good rigidity.

The gap Widt.g between the guarded and goard
electrodes was 0.049% cm. The guard ring was
grounded through a silver wire.

The dismeier of the fized unguarded electrode
was incrensed to match the sutside dismeter of tha
guard ring (6.46 cm) by attaching o stainless steel
circular plate to the smaller fixed elecirode. This
ﬁnlate- wasd machined so that a large shoulder extends

own over the edge of the amaller electrode, serving
to center the plate accurately on the smaller elec-
trode. The IIE:-trB and smaller electrode are tightly
held together by three serews which pass horizontally
through tapped holes in the shoulder and hear
against & groove on the side of the smaller electrode,

All metal parta are mada of stainlesa afeel and
hava been gold plated.

In order to incresse the electrical resistanca he-
tween the movable guarded electrode and the veramic
plate which supports if, fused silica washers and
spacers have been installed between all areas of con-
tact.

This guarded eclectrode warrangement has been
nzed only up to 250 °C.  There iz no apparent reason,
however, why it could not be employed up to 500 °C.

b, Experimsnial Prooadnres

The specimen employed {apecimen 0.0) was a disk
about 5.4 em in diamater and 0.2 cm thick. No
surfoce electrodes were applied, since after heating to
2860 °C the spreeimen ung electrodes made good ad-
hesive contact.

The dislectric measurements wers first made near
250 *C, then near 220 °C, then near 200 *C. Meas-
ureraents at 200 0, where the specimen is in the
supercooled liguid state, must be made as rapidly as
possible since crystallization will become noticeable
after about an hour [?7]. Furthermore, sinca deg-
radation takes place after prolonged exposure to
temperaturcs above the meliing E-mnt, these meas-
urements were performed as rapidly as possible and
in a nitrogen atmosphere.

The imminence of crystallization at one thermal
extreme and the possibility of degradstion st the
other, made it unwise to take the time t¢ cover more
then a limited portion of the frequency spectrum.
Three-terminal measurements were made only be-
tween 20 and 200 ¢/fs.

Knowing the capacitance, €', a6 & function of the
electrode separation, ig, from experiment, the dielec-
tric constant can be computed from the measured
capicitance, {7, by the equation

(A-11)

The error involved in the determination of & is
given by

et < _

e - EC,-FGE 8. (A-12)

The quantity ', consistz of two™parts: {a) the

bridge uncertainty + (0.059;4-0.002 pf) and (k)

the error dus to our uncertainty in the value of tg




(0.0002 em), 'Therefore

8 0g=0.002 pf-+0.0005 €yt Cx %‘ (A-13)

Since Cy=8.4 pf and 1,=0.22 cm this becomes

3¢, =(0.002+0.004-+0.0076) pf=0.0136 pf
(A-14)

Substituting this inte eq {A-12), with {!,2=22 pi, and
0= L (0,059 1+0.002 pbh) gives

b

i—,=D.ﬂﬂDﬁ+ﬂ,Ui}lﬁ=ﬂ,0022, {A-15)

Therefore the ealenlated percentage error is 022
parcent.

Thie apparent acecuracy will be achieved howevear,
only under ideal conditiens, in particular coly if the
specimen and the electredes make perfect contact.
Inspection of the surface of the spacimen after re-
moval from the holder ¥ showed no eigns of bubbles
or irregularities, indicating that the contact with
the electrodes was good. To be safe, howaver, the
uncertainty in the values of ¢ given in table 6 ia
atated as +0.5 percent.

5.4. Thin Film Measurements {Specimen .12)

1t is difficult to determine the dielectric properties
of thin films with high accuracy, The most accurate
results appear to be obtained by using the liguid dis-
placement technigue. This involves computing the
dielectric properties of the specimen from the chanﬁ'e
in eapacitance and resistanee which results when the
film is placed between the plates of & test ocll con-
taining a nonsolvent liguid whose dielectric propertics
are known. A complete description of this mathod =
given elsewhere [39). For the present application
guch a procedure wes not adopted since it would
have substantially prolonged the experimental phase
of this investigation, %B measutemcnts of thin
films reportcd here were made uging the spesimen
holder with the guard ring attached as deseribed in
ge¢, 5.2, Three-terminal measurementa were made
up to 200 £z using the low-frequeney bridge modified
to measure higher values of capacitance and conduct-
ance. Two-terminal measurements were made
hetwean 50 ofs and 200 kefs after shorting the guarded
electtode to ground,

Thegpecimen wae cut from & guenched thin film to
have & diameter greater than that of the holder’s
guarded elactrode. A gusrded epecimen electrode
(slightly smaller than that of the ?mldar’s}, & guard
ring, and an unguatded elecirode were applicd to the
gpecimen with silver conducting paint. Evaporated
gold was not used because it was feared that the
spocimen might be exceseively heated st its surface
and thus crystallize locally. (The series resistance

= Tt war oecodacy to dip the elecliode arsembly ke Uguid Ny o ondar b
loctroden, l abock

remove the specimen from beiwwen the o This Mvern
‘The sapphire

k] 10 apperent damege to slther the 2pedimen o the alectrodes, B
ey hulm. Fh g vitg Jo plede wors ramored priar to thle thermm] slcele,

of the conducting paint led to no perceptible anoma-
lous behavior in the measured loss vp to 200 kofe.)
The specimen’s average thickness, #=0.01464 em,
wag determined using the buoyancy technique
{pec. 2.3) before applying the surface electrodes,

a. Threa.Terminal Meamrements on Films

The basie equation used to compute the dielectrie
conztant from the three-torminal messurements is:

f;-s sfrﬂn (—A_I 'ﬁ‘_}

where (7 is the meastured three-terminal capacitanea
of the holder with the specimen hotween the elec-
trodes and & is the vacvvm capacitance computed
using the specimen’s average thickness and the ares
of the holder's electrodez. This equation, however,
neglects sevaral factors which require closer inspecton
when thin films ara considered.

Surface Jfrrequiarifies. Burface irtegularities or
roughness may become an important sonsideration
where thin films are concerned since thers it leads to
a proportion greater percentage variation in the
thickness of the apecimen. a affect of such
irregularitica iz treated below in an approximata
manner,

Let the plane surface area of a disk-shaped apeci-
men be divided by a grid ecordinate system into n
small sreas, each with area A4, Assuming that the
fiald i the dielectric is everywhere perpendicular to
the plane of the faecs, then tha t{*tﬁf parallel capaci-
tance of the system, (7, becomes:

"
Cpn=c'edA 3 > (A-17)
= 1
Here #; it the separation between the faces at the ith
ent of aras.
he aver thickness, ?, determined by the

bkouyancey method iz
b3

z=}£?_;l\ ‘e

Since {; may be written as
z;=t+{t‘—z}=z[1+t‘_t]. {A-19)

(A-18)

t

then if 1/t; iz expanded in a binomial series, Cn
becormes:

omr (797D
{A-20)

Dropping cubed and higher order terns and latting
nAd=A we have #

=0 [ 14(5) ] (A-21)

» Caknlation of the effects af ;urface Urrepulartties wikl eq {A-21} will lesd to
:ngumltm the Mg.lual Mpﬂt-%ﬂmm It will bez:.llﬁelantb BCCTrATh oed
oo by smiuth, poseasing very fow 3 dlsoon
alsn tha undlia.tlona of the murtaca hava fweve nggtig™ msiqin;"ablr

b $han the pperimen's thickmess,




Here 7, is the parallel capacitance of the specimen
calculated using the average thickness and « is the
standard deviatiom from the average thickness

definad ga=: . s
; {f,—1)*
g= :'_.ﬂ_ . {A-22)
Dividing eq (A-21) by £, gives
2
e’ [1 +(;!) ], (A-23)

where &, is the apparent or measured dielectric
constant and ¢ is the true value. This result shows
that surface irregularities will always give rise to an
apparcnt ncrease in the dielectric constant. The
extent of the inerease is governed by the square of
the ratio {#/f} and will therefore be more significant
the thinner the specimen.

A eenvenient method of roughly evaluaking r is
through micrometer messurements, Assuming that
N micrometor readings are taken over the surface of
the specimen, then the standard devistion, s, of
these readings, &, from tha trre mean, !, is

) Ly
2 (ta—t)?
JEioT

Since in most cases, o, will be slightly greater than
7, use of o, in place of ¢ will set an vpper limit for
the effact of surface irregularities, This method is
equally applicable to specimens whose surfaces are
aghghtly tilled,

or apecimen 0.12, on the hasis of some forty
micrometer readings, ¢, was found to be 0.00107 om,
so that (e /09 13 0.0053. Therefore, Lo correct for
the effect of surfgec irregularities, the messnred
valua of ¢ was reduced by about 0.5 percent.

Effects of specimen electrodes. It is obvious that
for very thin specimena the thickness of the guarded
surface electrode painted ot the spocimon may be-
come important. If this clectrode iz sufficiently
thick, & slight fringing field will be set up at its edge,
tending 10 increase the capacitance.

Sines the surface alectrodes ware about 0.0048 cm
thick, and the specimen’s thickness was only .01464
cm, & caleulation of the possible magnitude of this
effect was made.

Adopting an cquation of W, R. Smythe [40] to
describe the situation at hand, it was found that the
capacitance inerease due to the edge of the painted
electrode waa only about 0.07 percent of the total
capacitance,

A far more important effeet than this is produced
by the fact that the ares of the painted guarded
clectrode was smaller by ghout 7.4 percent than the
area of Lthe guarded electrode of the spacimen holder,
This leaves an air gap botween the specimen and the
holder’s electroda in the unconted region. The effect
of this air gap is to reduce the measured capacitance,
or egmvalently, to lower the calculated value of ¢

(A-24)

A egleulation showed that the measuved value of
¢' should be increased on the average 3.5 perceni to
compensate for this unecoated area. This correction
is slightly dependent on ¢ and this dependence was
included in the caleulated correction.

Summary.  Surfaee irregularities can ba corrected
for by reducing e, by 0.5 pereent, The effects of the
air film near the adee of the guarded electrode may
be eorrecied for by increasing e, by 3.5 percent, The
small fringing capacitance from the edge of the
painted guarged elactrode may be compensated for
by decreazing ¢, by about 0.1 percent. Therefore,
summing theze, the true valne of ¢ iz attained by
inereasing «, by about 2.9 percent., The values of
dielectric constant [or specimen 0.12 reported in
table 5 include these corrections. The accuracy of
the reported values of ¢ is estimated to be about +1
percant,

k. Two-Terminal Measurements of Films

As indicated earlier, two-terminal measurements
on specimen 0.12 were made up to 200 kefs by short-
ing the ﬁuarded dlectrode to ground. Corrections
wero applied to the two-terminal measurements to
compenzate for the same factors which influenced
the three-terminal messurements discuszed above,
The corrections to ¢ (about 79 were larger, how-
aver, due to the sir film near the specimen’s edge,
After correction, the two-terminal and three-terminal
mensurements in the region of overlapping fre-
atencies agreed to within 1 pereent. The two-
terminal data, which contained largar corrections,
were than shifted to mateh the presumably more
accurats three-terminal data.

. Comectirms to ¢'F

By methaods similar to those discussed in section
5.4a, the effects of the factors mentioned upon meas-
urements of ¢’ were caleulated and corrected.  The
net correction to ihe three-levininal messurcents
of € was ghout a 4.5 percent inereass, Two-terminal
measirenients required cocrections near 14 percent,
The accuracy of the values in ¢’ given in table 5 is
ahout £+ 3 pereent,

6. Appendix. Impedance-Measuring
Devices Covering 0.01 ¢/s to 10 Me/s for
Use with Micrometer Specimen Holder

Three different instruments were emploved to
mesaure the dielechric properties of the FE
specimens gver the broad frequency range from 0.1
to 107 ¢fa with the micrometer specimen holder,
The following sectiona give discussiona of each of
these instruments, including their acecuracy. Esti-
mates of the accuracy of t-]gm &' moasurements ara
given epecial emphasis,

6.1, Tira-Low-Frequency Pridge

The low-feequency bridge operates in the fre.
quency range of .01 to 200 ofs, It measures
el ecapacitances between 0 and 100 pi, and
conductances botween 107* and 107" mhoa.  Under
suitable conditions sccuracies of 4 {0.05 percent
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+ L0002 pf} in capacitance and ahout 4 (1 percent
+ 3f > 107"% mhos} in conductance are achieved.
(Here ¥ 15 the irequency in ¢fs.} The dieleciric
constant, ¢, of s material can therefore be deter-
mined to an accursey proportionnl to that of the
capacitance measurements. The Joss index is meas-
ured to an sccuracy of about {19 4 § ¥ 1074(C,)
where (, is the equivalent vacuum capacitence ex-
pressed in pf.

The low-frequency bridge employed is similar to
the bridge of WEMFMen [41] which is described also
hy Heroux [42]. Ti is & three-terminal device, bui
it is unnecessary to balance a separate guard circuit.
A compleie description and demonstration of the
capabilities of the low-frequency apparatus employed
here is given elsewhere [5].

6.2, Schering Bridge

A modified General Radio type 716-C Scherin
hridge is employed in the frequency range of 5O cg
to 200 kefs. 'ﬁm bridge was modified as follows.
The 100~ to 1100-pf variabla capacitor was removed
from the bridge and replaced by a dual range (25
to 110 pf and 250 to 1100 pf} variable eapacitor.
This modification allows greater accuracy in the
measurement of hoth low capacitances and low con-
ductances. The capacitor is equi];lped with an addi-
tional reduction gear and scale which allows one to
menaure capacitances to o precision of 0,001 pf on
the low ranga.

The substitution method ia employed. Capaci-
tances may be measured on the ﬁ)w rangs to an
accuracy of about £ (.05 percent 4 0.002 pf) once
the messuring ocapacitor is calibrated, The loss
index «” may be mensured to an accuracy of about
+ {2 percent + 1 ¥ 107%¢) where ), is in pi.

In order to realize the full capahility of this
apparatus in the measurement of cupacsitance it is
necessary to use rigid coaxial leads to eonnect the
bridge and specimen holder. This minimizes the
small erraiic capacitanee changes due to amall

hysical motions which mav oceur if flaxible coaxial
eads ars employed.

Adequate zensitivity is provided by s tunable null
indicator {(Rhode and Schwarz Type UBM) with
only 15 v applied to ihe bridge by the signal generator
{Hewlett Packard, Model 2 ).

8.3, {-Mater

In the {frequency range of 100 kefs to 10 Mefs o
Boonton Badie Corperation type 160-A {-meter is
employed. This instrument. hias been modified and
is now equipped with w MaG-meter” fo facilitate
more sensitive measurements on low values of par-
allel conductances. The Af-meter also allows one
to tune more accurately to the resonanes peak.

Bince we attempted to achieve accuracies greatcr
than those which the instrwment was designed to
deliver, special mention of tha calibration precedure
atauployed is given here,

a. Calibrabiom and Qperation

arallel veariable reponating capacitors
a8 follows. (Al operations are hest

Firat the
nre calibrate

asTRDE—a2—38

cartied out with the @-meter turned on and In
warmed up condition.) The main capacitor is care-
fully ect ¥ on its lowest indicated value (30 pf).
With the vernier capacitor carefully set to zero, the
capacitance ferminals are connecled to the Schering
bridge which is then balaneed ai a frequency near
1 ke¢fa. The frequency 1 kefs ia chosen so as to
aveid inductive effects in the leads connecting the
Q-metor nad bridge. Now the setting of the main
capacitor of the {&~meter is increased, carefully set-
ting 5 pf higher on the z¢ale. The changa in actual
capacitance raquired to rebalanes the Schoring bridge
gives the capacitance change between these two
gettings. Ths procedure is then repeated at each
§-pf intarval along the scale until the required range
is covered. Thus & relative calibration of the main
capacitor is achieved. The vernier capacitor {scale
reads —3 to 43 pi) is eimilarly calibrated at each
0.1-pf aetting.

ith the resonating capacitors now calibrated at
1 ke/s we make ithe assumption that this calibration
remsins constant with frequency up to 10 M.
The problem of series inductance and resiztance in
the leade to the sample holder will be dizevssad later,
Bafora doing so howsver, lat va first outline the
operational procedure followed in measurements of
unknewn impedances.

The micremeater specitner. holder (previously de-
seribed) containing tﬂe specimeh is connected to the
Q-meter through rigid eoaxial leads which showld ba
as ghort as posgible. With the awiteh I of figure 26
open, the €-meter is roughly resonated at the se-
lacted frequency by suitable choice of the coil and
by varying the main capacitance setting. Next the
main capacitor is set to the nearest 5-pf calibration
point and resonance achizved by adjusting the ver-
nier. The § ing iz then recorded {Qul} a8 well
as the readings of capacitora which when cor-
recied and summed give b capacitence . Now
the switch I is cloaeg, Resonsnce i3 restored by
decreasing (. At resonance, with the unknown in,
the € reading (s} is recorded as well as the eor-
rected capacitance reading, . The measured par-
alle] capacitance to ground bevond the switch is
gimply Cw=0,—C% from which the dielectric con-
stont of the unkoown may he determined frem eq

(A-1) b set-tinﬁ =0 Of lead inductance 1s
nag]ect-m;f}, The loss mndex of the unknown is given
by
(AR I | )
mirf 1LY -
=T {A-25)

whera 'z ia the total capacitance required o resonate
the coil at the operating frequency. (U may be
determined separately.)

The accuracy with which capacitance can be
messured is imited essemtially by the accuracy with

It The -meter has bwen pped with & deviee ta gllmipate the affeet of
arallay from the resding of main capaciter. This device consiks of 3 omd
T bRkl of T4hin -0, ate (FMMA) rod wihich as heen
ﬂt and ond-balf mpnbad ovar the Bdudal Lima of the tor, A fma
han been Inssyibed om the subtr Todaded suriwed of W PRMIM A Sectlon Dar-
wljel ta the Bdoriel Une.  With this device the capeciior can be set st caliboated
walkucs up to 100 pl b Wikhn 200 pl
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witich the main ecapacitor ean be set to the ecalibrated
5-pf intarvals. W?t.h care thia setting is repreducible
to +0.01 pf up to about 100 pf. 3inco the substitu-
tion mothod is employed the capacitance can be
measured {0 an accuracy of about £0.02 pi.

Ope may compute the error in ¢ {547} using the
general method of eq (A-3). Equation (A-25) in
terma of independent variahles bacomes

o Cef 29
o \Gg@)

Here A, {({,—(%}, is an independent variable since
it i6 independently moasurcd wusing the Af-meter
attachment. Neglecting the comparatively emall
Enc_eréaint}' in %’. the lollowing relationship is
eriv

{A-26)

1;; Ql+ 2+G +ﬁ-Q

The tertn 3C/C' is in general abont 1pff100 pf
Tha ramaining three terms all consist of two parts.
One part is Lﬁa calibration error of the appropriste
voltmeter (either the { or AQ-voltmeter) which, in
both cases, we assumo 16 one percent. The other

Tt is the resolution with which the voltmeters can

read. The § voltmeter can be read to about +1
(full scale 250). The limit of resolution on the

(A-27)

Agd-voltmeter iz ahout +0.2 {full acale 50). Assum-
ing that @2 ¢he=200,

da’f 0.2

=005 -I—E : {A-28)

Eliminating 4@ by use of eq (A-26) and substituting
the above spproxumate numerical values gives

-
b’ i(5%+5><éa )

(A=29)

where ', is in picofarads.
¢. Lead Correcticas

Certain corrections due to series inductance and
resistance become important at high frequencies.

A lead inductence I in series with the holder
capacitance O, gives rise to an apparent capacitance
€y which ia given by tha equation

G
1I—LC,’
Car=C— Co= o' L Cuy= o LOW{L - ® L))
{ A-30}
Furtharmore, a resistance &, in series with the

aquivalent capacitanee fy givee rise to & loss tangent.
for the empty helder given hy the expression

e 71 1
(gg) @

Cu—

or

{tan 3),—wl Jy—

Defining A{1/¢)), as the {1/;—1/@;) ohserved when
the holder contains no sample, eq {A-31) may be

rewritten as
A (l_) —2B:lu,
e/ O

Thue for a particular eoil (Cp=constant), at a
psrticular frequency, eqs (A-30) and (A-32) show
that {€y— %) and A(1/8) are funetions of  and
that experimentally derived plois of ((h—{%) and
A1/, versus O, can be used to correct for the
offcets of T and £, For convenisnce ((Cy—0CL) is
defined ag ..

Graphs of (Yy; and A{1/@). were obtained in the
following manner. The capacitance £ of the empty
holder at a particular electrode separation was de-
termined at 1 kes using the Schering bridge. The
holder was then connected to the -meter and Oy
and A{1/()), determined at tho desived frequencics,
This procedure was then repeated at different elec-
trode separations so that values of €} covering the
degired range were messured. Completion of the
experiment outlined abheve yielded data from which
e and A{1}GH), versus (y curves were drawn.

Tho diclectric properties of s specimen were de-
termined as follows,  With the specimen in the holder
he and A(1{8 5 were determined, y is the change
in capacitance required to reresonate the system after
switching the holder out. A(1/@); is the messured
change in 1/@. From the appropriate calibration
curve the value of Oy, at the observed Oy wus ob-
tained, ' was obtained from the equation

G;= Chr— Gmu {-5‘—33}

The dielectric constant of the zpecimen is then given
by eq (A-1).

The value of A{1/¢), at the observed value of 'y
wag obtained from the calibration curve. If R 1s
the series resiztance of the specimen then the meas-
ured ton § ia given by the approximate relation,

tan Su—wCu (R,—I— R.. Ei)=g—: A (IQ),,, (A-34)

(A-32)

where (% i the parallel capacitance of the specimen.
From eqs (A-3 115‘ and {A—34) it ia eaay to show that

@) g0 @ @]
oG Z[s(5), (G ] @

In all the above aguations it is assumed that tan 4
of the specimen is sufficiently small a0 that the equiv-
alent parallel and series capacitance of the specimen
arc nearly the sama, Values of tan & up to 0.1 fulfill
this reatriction reasonably well,

At frequencies sbove about 3 Mcfs these correc-
tions become signifieant. The accuracy of the
measurements is reduced in some cases because the
magnitude of the correction approaches the speci-
men's  contribution to tha messured quantity.
Mensurements of capacitance may ert by £0.08 pf.
The accuracy of loss index measurements becomes
roughly + {7 percent -+ 0.001/¢%,) where (7, is in pi,
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7. Appendizx. High-Frequency Measure-
ments (290 Mc/s to 8.6 kMc/s)

Two separate inatruments were used to determine
¢ and ¢’ at high frequencies. These wre briefly
described below., The description of these devices
has haen separated from that of instrumenta em-
ployed at lower frequencies for the reason that the
operating principle is quite different.

7.1, Reentrant Cavily
Figire 27 shows a cross section of lhe reentrant

cavity used for the measuraments at 290 Mefs. Tt
iz similar in most respects fo re-entrant cavities
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degeribed proviously by Parry [43], Works [44), and
Beynolde [45], One feature which distinguishes
this insirument is the vartable length of the cavity
eifacted by means of & eliding short (I in the din-
oram). ﬂis feature allows more flaxibility in the
seleciion of sample size and resonant frequency than
iz pozaible in n cavity of fixed length, It also simpli-
fies the capacitance calibration: The short is with-
drawn to the uppermost end of the cavity where it
it insulated from the upper conductor by & ceramic
ineulator I. In this configuration it is possible to
ineasure the interelectrode capacitence a8 a function
of the micrometer setbing nsing a Schering bridge
atb 1 kefs,

Messurements st tempearaturez above room bemn-
perature were achieved by means of heaters inside
the ends of the electrodes. The end Bieues could be
maintained at temperatures up to 150 °C by saparate
control of the elecirode bheaters, G, using thermo-
couples, H, in each elecirode. The interelectrode
capacitance became somewhat uncertain at tempera-
turea much above 150 “C due to thermal fluctuations
along the supporting cylinders.

A block diggram of the cavity and the nesociated
equipment. is shown in Ggure 28, A Rollin Model
304 signal generator served s g &) gouree, Ay
indicated, this signal was mixed with that from gz
low power signal generator operating within a faw
megacycles of the resonance frequency and the beat
frequency was mensured with a Collins radio receiver.
Frequency changes of the deiving generator were
mesaured in this manner to an accuracy of 1 kefs
during the dielectric lozs measurernente as described
below. A 1 kefs modulsiion was applied to the
signal source to facilitate detcetion. A bolometer
and Hewlatt Packard standing wave indicator
{Model 415-B) were used for detection.

The messuraments of dielectric constant and loss
index werc carried out in much the sume manner as
has been described by previous authors. The disk-
shaped speeimen {0.80B or 0. 44B) was placed be-
tween the electrodes which then maintained a
glight pressure on the specimen. The sliding shoit

CAVITY
STANDING
SIGHAL
—-]-——EDF&,—' WavE
GENERATOR L BOLOMETER | \NDICATOR
COMPARISON
SIGNAL

GENERATOR +

RADIG
RECEIVER

Biack dingrast af the reendrant cavily oend an-
sllary equipmeni.

Fiduge 285,

303



was adjusted to achieve resonance after the genera-
tor had been set to the desired frequency. The
alectrode spacing was measured to an accuracy ol
sbout 1 4. The sample was then removed and the
clectrode spacing readjusted to achieve resonance.
From the calibration of the interelectrode capaci-
tance it was possible to compute the capacitance of
the sample and thus the dielectric constant.

Saveral methode have been described for measure-
ments of the dielectric loss index. Easentially they
are sll one of two general types: in one case the §
of the empty cavity and the cavity with the sample
in place are meagured independently snd thence the
dissipation of the sample computed. An alternative
method involves measuremants of the ¢} of the einpty
cavity and the computation of the § of the cavity
with the swnple lrem comparisen of the voltape at
ressonance for the two conditions, The @ of a
rezonant cavity cen be messored by obtaining the
shape of the resonance curve eithar by amall changes
in the capacitance of tha cavity or by small change
of the frequency of the driving generator. Due to
the sliding short, the gavity could not be equipped
with & vernier capacitor such as Reynolds [48] uaed,
and the capacitance could only be changed by
altering the electrode spacing. The ¢ of the empty
cavity was s0 high that, in general, a change of inter-
electrode spacing of only a %ew microns waa sufficient
to schieve the hall-resonance-voltage condition.
Accurate determination of the @ of the empty cavity
by this method was out of the queation. Obviously
t}:{is method could not he used when a sample was

in the cavity fxing the interelectrode spacing. The
frequency shilt method was tharefore us The
refation lor compuating the loss index is

Chg—1

in which the differential d€'df is determined hy
varying the electrode separation of the empty cavity
{and thus the capacitance) by a small amount and
observing the choange in the resonance frequency
over a narrow range near the frequency of the
measurement. The guantities Af,, and Af; are the
frequency shilts from the resonant frequency for
the empty and sample-loaded cavity required to
ubiierve a voltage V. /g where V, is the peak resonant
voliage,

An alternate method of measuring dielectric loss,
which is particularly snitable where the loss 1= small,
involves the measurement of the ratio, {V,—T3/V,,
where V| is the resonant veltage with the sample ot
and V, that with the sample in the cavity. The
relationship for computing the loss is then

é" r={d0-'rd_f}"!"fl{vl_vﬁj J'IV?

— {A-37)
ﬂt‘\"fg_ 1

It ias clear that where the difference (Af,—Af) is
small, i.e., the losa is small, this technigque improves
the accurncy of the measurement. The detection

system used in this work gave the voltage difference

in deeibels, which was conveniently converted by
means of the expression

1Frl%;m=|;a.11|ti1|:n [ (%)]— 1.

Where suitable, these two methods of maasurement
ave loss values in close wgreement, rarely differing
¥ more then 2 percent,

The disleciric conatants are estimated to be
accurate to abouat 0.5 percent, the error being chiefly
diue (@ uncerteinty of the interelectrode spacing of
the empty cavity. The dielectric loss indexez are
estimated to be aceyrate within 5 pereent. In
thiz ease the errore sre prineipally dpe to slight
deviationa from square law detection and variations

{A-38)

in output level of the signal generator, particularly
with small changes in frequency. Both these
sources ef error cowld undoubtedly be reduced, but

it was believed that any real improvement in per-
g%mnance would require an unjustifiable amount of
ort.

7.2. Microwave Apparatus

The diclectric properties of PCTFE at micro-
wave {requencics were determined at room tempera-
ture (23 °(7 with & Microwave Diclecirometer
Model 2), manufsctured by Central Rescarch

boratories, Inc.

The principle of the Dielecirometer has been
extensively discussed by Roberts, ven Hippel,
Westphal, and others [48, 47].  The instrument Em-a
a glotted, circular waveguide which may be operated
at frequencies of 1, 3, and 5.6 kMe/s. At 8.6 kMe/s
the waveguide iz excited in the TE,, mode by reflex
klystrens. At 1 and 3 kMcfs a center conductor
is introduced =0 that the waveguide becomes a
coaxial line, excited by klyatrons in the TEM modes,
One end of the w:wTuide is shorted, and the stand-
inﬁ]wave is messured by a precision traveling probe,
which acts as a square law detector.

The intreduction of o dielectric specimen, which
fills the end of the wavegoide and which presconts
plane faces perpendicular to the wawguigﬁ axis,
establishes a new standing wave pattern. The
traveling probe is usad to determine the distance of
the node from the shorted end, X, and to determine
the distance between double power points, AX.
This information, together with the iength of the
dielectric spechnen, &, and the distance between
nodea in the puide X2, s used to determine the
propegation constant of the specimen, v:

. sin (#AX/)
tanh vd__ 0 Cr XN e e
Wl Ed | . sin AA/) I Xq
=i et eeaitm (5 )
(A—39)

Equation {A-3%) ia easily determinad hy transmission
line theory [46). After v is determined we find the

a04




dielectric properties from the equation {46)

L, 07— )
C =50 *+m—

where the cut off wavelength of the TE;: mode st
8.6 EMc/s iz A,=43.43 mm, while the cot off wave-
length of the TEM modes at 1 kMejs and 3 kMe/s
B A=,

Small corrections due to the attenuation of the
empty waveguide must be made to egs (A-39) and
(A0} whove, These corrections arc deseribed in
the literature (zee, a.p., Westphal [47])

The aceuracy of the measurements require tha
the specimen he aceurately mechined so that the
end of the waveguide is filled snugly, with the plane
faces perpendicular to the waveguide sxds. Two
circular eylindrical samples were made from stock of
PCTFE. This stock had a epecific volume of
0.4657 em'e uvpon receipt. After a siz-day heat
treatiment where the stock was held for extended
Eier:iuds at temperatures of 200, 190, 180, and 170
!, the specific volume ut 23 °C was decreased to
0. 4629 which corresponds to u degree of erystallinity
of 0.78 [4]. From this stock two right circular
eylindrical specimens of 2.542-cmn  diam  were
machined with the plane faces accurately pe
dicular to the cylindrical wxds.  The specimen which
was nsed at 5.6 kMo/s had & length of 1.918 cm.
The second specimen, used al 1 and 3 k]ui['rr(s had
& length of 3.17% cm, and had an accuerately con-
centric center hole with & diameter of 0.950 em to
fit the coaxial center conducior of the instrument.

These zpecimens were then naed for the determina-
tion of the dielectric constant and loss index wt room
temperatura at frequenciea of 1, 3, and 8.6 kMeys.
The results are included in tahle 2.2

(A~40)

¥ Baoouse of the large samples that are. sequired for the microware Bpparotan,
it was imgoaamlg ta guemech Lbem Lo sehiewe & eryotallinlly es Low &8 thak af
Fpecimen
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